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 Wood biodegradation is primarily caused by Basidiomycetous white or brown rot 
fungi. White rot fungi are unique in degrading lignin, while brown rot fungi circumvent 
lignin to degrade holocellulose via iron-dependent oxidative chemistry. Both groups of 
fungi produce oxalate during wood metabolism, and oxalic acid secretion may promote 
wood decay by reducing pH, mobilizing iron, detoxifying copper, and immobilizing 
calcium. The function of oxalate during wood decay remains unclear, however, primarily 
due to difficulties in extracting bound oxalate and to inconsistencies among analytical 
techniques. This work aims to improve oxalate quantification during wood 
biodegradation and to better characterize fungal oxalate production in relation to cation 
availability. 
 Accurate and repeatable soluble and acid-extractable oxalate quantification was 
achieved with an improved high-performance liquid chromatography (HPLC) method. 
This procedure was verified in fungal liquid cultures by demonstrating a decrease in 
soluble/acid-extractable oxalate ratio with increasing filtrate calcium, due to calcium 
oxalate crystallization. For wood material, HPLC analyses consistently demonstrated that 
wood oxalate dynamics could not be inferred from data generated in artificial culture. An 
agar-block trial also established that several brown rot fungi optimized oxalate levels in 
wood, unlike in agar, suggesting excess oxalate in wood may impede brown rot, perhaps 
by limiting iron availability. 
 Effects of iron, as well as aluminum and copper, on brown rot oxalate dynamics 
were tested in agar-block microcosms containing metallic or hydroxide metal treatments. 
The effect of calcium on oxalate was similarly tested among several decay fungi, 
including “dry rot” species theorized to use calcium to neutralize excess oxalate. In both 
trials, test fungi mobilized cations from treatment sources and enriched decaying wood 
with the respective cations; however, oxalate and wood weight loss were unaffected in 
either case. 
 These studies suggest that wood-degrading fungi, notably brown rot species, may 
regulate oxalate in wood during degradation, but perhaps not simply as a function of Fe, 
Ca, or Cu availability, as previously theorized. This work has implications on the 
function of oxalate in wood decay and the role of wood-degrading fungi in forest 
biogeochemistry, and it provides analytical means for better exploring these dynamics in 
the future.
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Chapter 1 
INTRODUCTION AND LITERATURE REVIEW 
 
1.1. Wood Biodegradation and Biodeterioration 
1.1.1. Wood Biodegradation Introduction 
Wood is the secondary xylem tissue of trees, and is composed primarily of 
lignocellulose: lignin, hemicellulose, and cellulose. These polymers are intimately 
associated in wood cell walls and provide both strength and durability. Wood 
lignocellulose accounts for more sequestered carbon (C) than any other biomass on Earth: 
however, wood typically contains little nitrogen (N). Extremely high C to N ratios, 
coupled with the physical and chemical recalcitrance of the wood matrix, make it difficult 
for most biological organisms to metabolize this C-rich substrate. A select group of 
bacteria, fungi, protists, and animals are capable of utilizing wood lignocellulose as a 
food source (Zabel and Morrell, 1992, Breznak and Pankratz, 1977, Distel and Roberts, 
1997). 
Among the wood-metabolizing organisms, the group primarily responsible for 
wood biodegradation are the fungi (Zabel and Morrell, 1992). Wood-metabolizing fungi 
primarily include species from Phyla Ascomycota and Basidiomycota (Dutton et al., 
1993). These fungi most commonly cause either white or brown rot, as specified 
originally by Hartig (1874), depending on the selectivity of degradation in the wood 
secondary cell wall. White rot fungi may selectively degrade lignin or progressively 
degrade all lignocellulose components, and many combine both degradative means 
(Eriksson et al., 1990). Growth of white rot fungal hyphae is extensive in degraded areas 
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of wood, and, combined with residual cellulose, this characteristic causes wood to have a 
white appearance during decay. Brown rot fungi preferentially degrade polysaccharides, 
leaving demethylated lignin residues after decay and producing degraded wood that is 
brown in appearance (Filley et al., 2002). 
1.1.2. Applications of Fungal Biodegradation Research 
Decomposition of woody material releases CO2 to the atmosphere as a function of 
decay rate (Boddy, 1983), and is a counterpart to C-sequestration in growing trees. 
Fungal wood decomposition also creates soils that may vary in physiochemical properties 
according to the fungus degrading the wood substrate (Watkinson et al., 2006). Wood-
degrading fungi maintain a mycelial network in soil, both as a means for growing 
between wood substrates and as a source for water and nutrients. Fungal hyphae 
translocate nutrients horizontally and vertically within soil (Wells and Boddy, 1995) as 
well as from soil into the wood matrix (Wells et al., 1998). Although forest 
biogeochemical research often focuses on overall forest nutrient budgets, there are many 
experiments documenting mineral dissolution (e.g., Gharieb and Gadd, 1999) and ion 
translocation by these fungi (e.g., Connolly et al., 1999). Wood decay research therefore 
has direct implications in the areas of ecology and biogeochemistry.  
Wood-degrading fungi can also be significant plant pathogens in managed and 
unmanaged forests, as well as in crop and ornamental trees. Heterobasidion annosum, for 
example, causes a lethal root rot in conifers such as Douglas Fir and is a well-
documented problem in managed forests of the Pacific Northwest in North America 
(Goheen and Goheen, 1989). Armillaria mellea and A. ostoyae are also widely 
recognized pathogenic fungi that consistently infect and weaken timber and orchard trees 
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as facultative parasites (Wiensczyk, 2003). In addition to pathogenic species, 
saprotrophic heart rot fungi such as Fomitopsis pinicola can degrade non-resistant 
heartwood in trees like spruce, making trees susceptible to windthrow (Gromtsev, 2002). 
Pest managers have estimated that, collectively, wood-inhabiting fungi cause more pre-
harvest wood losses in managed forest stands than fire, insects, and other natural 
catastrophes combined (IPM, 1999). 
Research on fungal biodegradation can also have industrial applications. Many of 
these fungi are easily culturable both in laboratory microcosms and in large-scale 
bioreactors. White rot fungi such as Phanerochaete chrysosporium have been extensively 
studied for use in delignifying wood pulp prior to papermaking (Podgornik et al., 2001). 
These fungi are unique in degrading lignin, and may do so selectively with little damage 
to cellulosic fibers. To further aid this and other research, the complete genome has been 
described for P. chrysosporium (Martinez et al., 2004). Bioprospecting for other 
delignifying white rot fungi is common (Blanchette, 1984, Otjen et al., 1987), and brown 
rot fungi are also explored for use in thermo-mechanical pulping and fiber pre-treatment.  
Similar to white rot delignification applications, both white and brown rot species 
have potential in value-added processing such as lignin adhesive pre-treatment, pulp 
brightening (Job-Cei et al., 1996), and paper deinking (Guebitz et al., 1998). 
Biodegradative fungi are studied for potential in remediation and conversion of toxic 
waste such as metal- and phenol-contaminated substrates (Goodell et al., 2001, Pointing, 
2001, Kartal et al., 2004, Gaitan-Hernandez et al., 2005), and these fungi may be useful 
in pre-treating or partially saccharifying lignocellulose for creation of other marketable 
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products. Wood-degrading fungi therefore offer potential both in bio-based and bio-
engineered products as well as cost effective biomass conversion and bioremediation. 
Finally, much research into fungal wood degradation has been focused on better 
understanding and controlling these organisms in the built environment where wood is 
used “in service.” Wood deterioration by fungi is the primary cause for replacing 
damaged in-service lumber. Wood remains the most utilized type of construction 
material, with in-service wood use exceeding that of steel, concrete, and polymeric 
materials combined (Bowyer, 2004). Deterioration and loss of in-service wood is, 
however, substantial, with an estimated annual replacement rate of 10% (Zabel and 
Morrell, 1992). Despite advances in wood preservation, these loss estimates have not 
appreciably changed (Goodell et al., 2003). This inefficiency in wood utilization costs 
billions of dollars annually, and investigating mechanisms of decay and novel control 
options offers potential for decreasing pressure on forest resources in addition to reducing 
economic loss. 
1.1.3. Current Trends in Biodegradation Research 
Traditionally, wood selection and proper use were critical for preserving wood 
used in construction. Selecting naturally durable species, higher quality woods, and better 
cuts, combined with using building practices that minimize wood moisture, can 
appreciably limit fungal decay problems. In the modern wood market, however, naturally 
durable species and high quality wood are less available and often prohibitively 
expensive. Fast-growing, malleable softwood species have become the preferred 
construction lumber and now dominate the timber market (Burdin et al., 2005), and 
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wood-based composite materials that utilize low-quality wood are a rapidly expanding 
segment of the wood products market (Janssens et al., 2005).  
 Wood deterioration problems are evolving along with these changes in wood 
utilization, and there are several important issues involving fungal wood decay, 
particularly brown rot. Brown rot fungi are more likely than white rot fungi to be 
associated with decay of softwood lumber, and may be a growing problem in the built 
environment (Celimene et al., 1999). Depolymerization of wood cellulose by these fungi 
is significantly more rapid than by white rot species, and causes wood to lose strength 
before decay is visible (Winandy and Morrell, 1993). This not only hastens wood 
replacement, but also presents a safety issue in structural lumber. 
In addition to structural problems inherent to brown rot decay, many brown rot 
species such as Serpula lacrymans and Postia placenta are considered tolerant or 
resistant to copper (Cu) (Green and Clausen, 2003). Traditional preservatives such as 
chromated copper arsenate (CCA) are in the process of being phased out globally due to 
environmental and human health concerns, and EPA-recommended alternatives 
emphasize Cu-based preservatives such as alkyl Cu quat (ACQ) and Cu azole (CA) 
(EPA, 2004, Wacker, 2004). Without fully understanding the mechanisms of fungal 
copper tolerance or preservative resistance, this trend could be problematic. 
    Brown rot mechanisms are currently being characterized, but our understanding 
has lagged behind that of white rot fungi. Of nearly 1700 described wood-degrading 
fungi (Gilbertson and Ryvarden, 1986), only 7% are brown rot species (Gilbertson and 
Ryvarden, 1986), and research has focused on white rot. Also, because selective 
delignification capacity among white rot species has potential in the pulp and paper 
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industry, the optimization of this process in controlled batches has been a focus of 
biodegradation research for many years. Brown rot wood degradation has gained interest 
only recently, and characterizing the mechanisms of brown rot-associated wood decay 
has emerged as an important research objective. 
 The role that wood-degrading fungi play in forest health is also an evolving 
research area. Wood-degrading fungi establish an important link between below- and 
aboveground processes. Recent data from a long-term time series study of wood 
degraded in ground contact suggest that wood may become selectively enriched with 
Ca2+ from the soil O-horizon during decay in northern forests (Smith et al., submitted). 
Concurrently, recent long-term base cation budgets from similar sites have suggest that 
Ca2+ continues to be depleted in northern forests, despite sulfate emission reductions 
(Likens et al., 1996, Watmough et al., 2005). Calcium may be leached from the forest 
floor or removed in harvested woody biomass (Yanai et al., 2005), and Ca depletion in 
soils can lead to aluminum toxicity in biota and can contribute to forest decline (Shortle 
and Smith, 1988, Manion, 1991). Loss of Ca2+ also decreases site index, a measure of tree 
growth potential on a forest plot (Carmean et al., 1989). Although a low percentage of 
wood-degrading fungi are brown rot species, these species are heavily concentrated in 
northern, coniferous forests (Gilbertson and Ryvarden, 1986), and therefore brown rot 
fungi may play a significant role in translocation and long-term immobilization of base 
cations in northern forests. 
 Overall, modern wood decay research is evolving as a function of both the 
emerging characterization of fungal decay processes and the shifting issues involving 
fungal biodegradation and the environment. Fully characterizing fungal degradative 
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mechanisms is a priority for the future of both wood preservation and bio-based 
engineering. The application of this physiological information to better understand tree 
pathogenesis and forest biogeochemistry is also of potential value. 
 
1.2. Fungal Biodegradative Mechanisms 
1.2.1. White Rot Mechanism 
 White rot fungi are unique in degrading lignin, and typically produce ligninases, 
principally laccase, manganese peroxidase, and lignin peroxidase (Aust, 1995). There are 
two principal types of decay caused by white rot species. Selective delignifying species 
preferentially degrade lignin, and their ligninolytic system is the primary extracellular 
enzymatic system involved in decay. Other white rot species simultaneously degrade all 
lignocellulose components, and produce both ligninases and polysaccharide-degrading 
enzymes progressively during decay (Eriksson et al., 1990). White rot fungi may employ 
one or the other mechanism, or both, depending on where and when white rot occurs in 
wood. 
Holocellulose, collectively hemicellulose and cellulose, is metabolized via 
xylanases and mannases, plus a suite of cellulase enzymes. Endo-1,4-β-glucanase 
randomly attacks and cleaves glucosidic linkages within the cellulose chains, exo-1,4-β-
glucanase or cellobiohydrolase splits cellobiose dimers or glucose from the non-reducing 
end of the chain, and 1,4-β-glucosidase hydrolyzes cellobiose units to form glucose 
monomers (Eriksson et al., 1990). Glucose is absorbed by the hyphae, and undergoes 
glycolysis and subsequent aerobic respiration.  
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Free radical oxidation of lignin and holocellulose occurs simultaneously with 
enzymatic white rot mechanisms (Cameron and Aust, 1999). The fungal peroxidases may 
react with lignin phenylpropane units, producing oxidative radicals on the lignin 
molecule and promoting spontaneous cleavage in the ring structure. Cellobiose 
dehydrogenase and cellobiose oxidase participate in oxidative depolymerization of 
cellulose. The former reduces quinones or phenoxy radicals which in turn oxidize 
cellobiose, while the latter oxidizes cellobiose directly using molecular oxygen. 
Collectively, these oxidative processes disrupt lignocellulose organization and are 
believed to facilitate the rate of enzymatic decay (Eriksson et al., 1990). 
The ultrastructure of white rotted wood is varied, depending on the ligninolytic 
system employed. Fungal hyphae are often numerous in the wood cell lumen and are 
usually attached to the wood S3 layer of the cell wall by a mucilaginous sheath (Zabel 
and Morrell, 1992).Both white rot types generally involve progressive wood 
depolymerization away from growing hyphae, from the lumen into the cell wall. 
Delignified wood typically loses hemicellulose and lignin concurrently, but little 
cellulose is degraded, while simultaneous white rot proceeds from the lumen with 
concurrent holocellulose and lignin decay.  
1.2.2. Brown Rot Mechanism 
1.2.2.1. Background  Brown rot fungi also grow in the wood cell lumen and may 
attach to the wood cell wall via a mucilaginous sheath. Brown rotted wood is generally 
rich in lignin residues and progresses simultaneously throughout the wood cell wall 
instead of progressing from the lumen, as true of white rot (Zabel and Morrell, 1992). 
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This simultaneous depolymerization of holocellulose throughout the cell wall causes 
wood to lose strength in early stages of decay (Winandy and Morrell, 1993). 
Because brown rot wood decay generally produces lignin-rich residues, brown rot 
was until recently believed to involve strictly holocellulose degradation (Milstein et al., 
1992, Freitag and Morrell, 1992). Ligninolytic enzymes including laccase, manganese 
peroxidase and lignin peroxidase were not isolated from brown rot fungi. In addition, 
while endo- and exo-glucanases were known to be utilized during brown rot, processive 
endo-glucanases capable of efficient cellulose hydrolysis were unknown from brown rot 
systems (Cohen et al., 2005). 
 These traditional distinctions between brown and white rot mechanisms, however, 
have been modified in recent years. Lignin does undergo partial degradation and 
modification via demethylation (Filley et al., 2002). Manganese peroxidase and lignin 
peroxidase have been isolated from cultures of brown rot fungi (Dey et al., 1991). The 
gene for laccase has also been identified in the brown rot fungus Gloeophyllum trabeum 
(D’Souza et al., 1996), although observations of brown rot laccase production are rare 
(Lee et al., 2004). In addition to the presence of some ligninolytic enzymes, a processive 
endo-glucanase was recently described for Gloeophyllum trabeum, helping explain the 
highly efficient cellulolytic degradation in wood decayed by this and other brown rot 
species (Cohen et al., 2005). These data suggest that further research is necessary to 
understand the underlying physiological distinctions between brown and white rot 
species. 
1.2.2.2. Proposed Pathways  One characteristic component of brown rot is initial 
oxidative holocellulose decay. Brown rot fungi typically possess similar holocellulose-
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degrading enzymes as white rot fungi. With no appreciable lignin degradation, however, 
these enzymes are believed to be too large to penetrate the wood cell wall (Flournoy et 
al., 1991). Within the last ten years, several models for initial brown rot mechanisms have 
emerged (Goodell et al., 1997, Hyde and Wood, 1997, Enoki et al., 1997). These theories 
suggest that holocellulose depolymerization is initially caused by hydroxyl radicals (HO·) 
produced in the S2 layer of the wood cell wall via Fenton or related reactions, as 
theorized by Koenigs (1974). What remains unclear is how hydrogen peroxide (H2O2) 
and reduced iron (Fe2+) are generated by brown rot fungi.  
Fenton reaction: H2O2 + Fe2+→ Fe3+ + OH- + HO· 
 One theory proposed by Hyde and Wood (1997) speculates that cellobiose 
dehydrogenase, isolated from C. putanea cultures, functions not only to oxidize 
cellobiose as in white rot decay, but also to reduce Fe3+. Cellobiose dehydrogenase, 
however, is not produced by all brown rot fungi (Schimidhalter and Canevascini, 1993). 
Oxalate, a ubiquitous fungal metabolite, has also been theorized to be the chief Fe3+ 
reducing agent (Schmidt et al., 1981), but this reaction is light-dependent and could not 
occur in the dark of the wood cell wall (Wood, 1993). Recent research has also indicated 
that the involvement of phenolate compounds such as 2,5-dimethoxy hydroquione (2,5 
DMHQ) (Kerem et al., 1999), as proposed by Goodell et al. (1997), may be critical. 
 In the scenario involving phenolate compounds, brown rot fungi reduce pH 
adjacent to hyphae in the wood cell lumen, creating a pH differential between the lumen 
and the wood cell wall. Low molecular weight compounds such as 2,5-DMHQ are 
synthesized and secreted, likely into the mucilaginous matrix connected to the wood cell 
wall. These compounds bind Fe3+ in a complex small enough to diffuse into the cellulose-
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rich S2 layer of the wood cell wall, where these chelators reduce Fe3+ to Fe2+as a pH-
dependent reaction. Combined with H2O2, theorized to be produced via quinone 
reduction and superoxide radical formation, Fenton and related reactions could occur 
within the wood cell wall at a safe distance from hyphae.  
One of the important inclusions in this model is the secretion of oxalic acid by 
brown rot fungi. Oxalic acid secretion is theorized to mediate non-enzymatic oxidative 
brown rot reactions by lowering pH and by mobilizing Fe3+ bound from wood or soil 
(Goodell et al., 1997, Gadd and Sayer, 2000). The role of oxalic acid production, 
however, has not been verified in this model and oxalate has been ascribed several 
alternative, potentially conflicting roles in brown rot wood decay. 
1.2.2.3. Oxalate Chemistry and Biosynthesis  Oxalic acid is a ubiquitous 
metabolite among biological organisms, and is commonly reported in cultures of wood-
degrading fungi (e.g., Takao, 1965). Oxalic acid (H2C2O4) is a dicarboxylic acid and is 
the strongest of the organic acids (pKa1 1.23,0 pKa2 4.27) (Conant, 1944). In an aqueous 
medium, oxalic acid rapidly dissociates to oxalate and hydrogen.  
Oxalate dissociation: H2C2O4 ↔ HC2O4- + H+ ↔ C2O42- + 2H+
Dissociation occurs at physiologically low pH, and secretion of oxalic acid by fungi 
therefore generally reduces extracellular pH (Green et al., 1991). Oxalate can also act as 
an electron source and a fairly strong metal chelator (Munir et al., 2001), and although it 
forms soluble complexes with ions such as Fe3+, oxalate forms highly insoluble 
complexes with Ca2+ and Cu2+, producing Ca oxalate (Ksp 2.6 x 10-9) and Cu oxalate (Ksp 
4.4 x 10-10) crystals.  
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 Oxalate biosynthesis by brown rot fungi has been characterized by Munir et al. 
(2001) using Fomitopsis palustris grown in liquid culture (Figure 1.1.). In this model,  
 
Figure 1.1. Mechanism proposed by Munir et al. (2001) for oxalate 
biosynthesis in the brown rot fungus Fomitopsis palustris. The mechanism 
involves coupled TCA (A) and GLOX (B) cycles. Acetate recycling routes are 
shown (C and D) to demonstrate a complete cycle, and numbers (e.g., [10]) 
refer to specific enzymes responsible for catalysis (e.g. oxaloacetase) as listed 
earlier in the document. 
 
oxalate is produced by metabolically coupled tricarboxylic acid (TCA) and glyoxylate 
(GLOX) cycles. Glucose monomers derived from holocellulose are metabolized through 
both cycles, with oxalate synthesized from oxaloacetate via oxaloacetase (oxaloacetate 
from malate with malate dehydrogenase) or from glyoxylate via glyoxylate 
dehydrogenase. This model suggests that glucose is generally may not be completely 
oxidized to CO2 by either cycle, and that oxalate is a by-product. The experimental 
portion of the study demonstrated that oxalate accumulation in liquid cultures was 
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correlated with glucose metabolism, at 80% theoretical yield from that predicted from 
fungal biomass harvested. 
Oxalate, once secreted, often accumulates at high levels in culture filtrate of 
brown rot fungi (Shibamoto et al., 1952, Takao, 1965, Green et al., 1991, Green and 
Clausen, 1999). Conversely, white rot fungi typically decarboxylate the oxalate anion, 
producing formate and CO2, and often accumulate less oxalate in culture media 
(Shimazono, 1955, Dutton et al., 1994, Makela et al., 2002). Oxalate decarboxylase is 
widely known to be produced by white rot fungi, but brown rot fungi have also been 
shown capable of both oxalate decarboxylase production and oxalate metabolism (Espejo 
and Agosin, 1991, Micales, 1995b). 
1.2.2.4. Proposed Roles for Oxalate  Munir et al. (2001) theorized that while 
biosynthesis pathways may be similar in white and brown rot fungi, brown rot fungi may 
not significantly catabolize oxalate simply due to energetic constraints. White rot fungi 
are capable of degrading lignin, which may provide additional energy unavailable to 
brown rot fungi. Oxalate decarboxylation, coupled with formate metabolism, could 
provide an additional carbon source for white rot fungi and could explain the 
proliferation of white rot fungi in the natural environment. Also, formate dehydrogenase 
has been isolated from white rot cultures, but not from brown rot cultures (Mii et al., 
1996).  
Oxalate has, however, been ascribed roles in brown rot wood degradation other 
than simply as an efficient metabolic by-product. Oxalic acid secretion reduces pH, and a 
pH differential between the area around fungal hyphae and the wood cell wall may have a 
function during brown rot wood decay (Hyde and Wood, 1997). Oxalate also promotes 
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dissolution of minerals and can chelate and mobilize Fe3+ from hydroxides, a potentially 
important process in Fe-based brown rot mechanisms (Varela and Tien, 2003). Oxalate 
may also play a direct or indirect role in incipient hemicellulose decay (Green et al., 
1991). Oxalate crystallization with calcium (Ca) may further help weaken wood pit 
membranes (Green et al., 1995), and crystallization with copper (Cu) could provide 
resistance to Cu-based wood preservatives (Murphy and Levy, 1983). It is unclear, 
however, which of these mechanisms are incidental to oxalate biosynthesis as a metabolic 
by-product, and which, if any, are functional and actively regulated. 
 
1.3. Dissertation Overview
1.3.1 Overall Goal of this Dissertation 
The overall goal for this dissertation research is to better characterize an aspect of 
fungal wood degradation, oxalic acid production, which is relevant both to the 
physiological mechanisms of wood biodeterioration and to the broader role of wood 
degradation in forest biogeochemical cycling. 
1.3.2 Questions Raised by Previous Research 
During brown rot wood degradation, acidification near the hyphal cell wall may 
protect the growing mycelium from Fe3+ reduction and Fenton-based HO· production that 
can damage hyphae (Hyde and Wood, 1997). Oxalic acid production and secretion lowers 
extracellular pH. Brown rot fungi often produce significant amounts of oxalic acid, and 
typically accumulate the oxalate anion at higher levels than white rot fungi (Takao, 
1965). 
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 An acidified extracellular environment in wood or in soil also enhances ion 
dissolution, and in the case of Fe3+, oxalate also promotes dissolution. In environments 
that are normally aerobic, such as the soil O-horizon, Fe is bound to (oxy)hydroxides and 
is generally not available to phenolate compounds theorized to be involved in brown rot 
(Goodell et al., 1997). Oxalate weakly chelates and mobilizes Fe from hydroxides as 
soluble Fe-oxalate; however, at physiological pH and in typical 1:1 oxalate:Fe ratios, 
oxalate will transfer Fe to a stronger phenolate chelator (Varela and Tien, 2003). This ion 
acquisition and transfer may be integral to brown rot in wood, where Fe may be difficult 
to mobilize and overall levels may be low (Jellison et al., 1997). 
Oxalate, if passively accumulated during decay, may have other beneficial effects 
on the brown rot process. In addition to mobilizing Fe3+ as a soluble complex, oxalate 
forms highly insoluble crystals when bound to either Ca2+ or Cu2+. Crystallization with 
Ca2+ has been theorized as mechanistically important during brown rot as a means for 
extracting Ca2+ from bordered pit membranes, weakening the membrane and facilitating 
egress of hyphae between wood tracheids (Green et al., 1995). Wood Ca is also nearly 
100% exchangeable, so it has been theorized that oxalate could bind Ca ions, reduce the 
number of exchangeable H+ binding sites, and further promote acidification (Connolly 
and Jellison, 1994). Calcium oxalate crystals are ubiquitous in wood degraded by brown 
rot fungi and are commonly observed via scanning electron microscopy (Dutton and 
Evans, 1996). 
 Copper oxalate crystals are also common during brown rot, especially among Cu-
tolerant brown rot species growing in wood treated with Cu-based preservatives (e.g., 
Murphy and Levy, 1983). Oxalate bound with Cu2+ in insoluble crystals effectively 
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immobilizes this reactive metal, and the frequency of Cu oxalate crystal formation in 
wood has been successfully related to the Cu-tolerance of brown rot fungi (Sutter et al., 
1983). Similarly, oxalate production patterns in liquid cultures have been used to infer Cu 
tolerance in wood (Green and Clausen, 2003), although success is mixed depending on 
species and isolate (Clausen et al., 2000). It remains unknown if the ability for some 
brown rot fungi to degrade Cu-treated wood is due to oxalate overexcretion (resistance) 
or incidental to high physiological oxalate production (tolerance). 
In each case, whether reducing pH, mobilizing Fe, or crystallizing with ions that 
interfere with the brown rot process, oxalate may still function as a metabolic by-product 
with useful, though incidental, characteristics. Multifunctional roles for oxalate could 
explain the lack of decarboxylation in many cultured brown rot fungi, as opposed to 
white rot fungi. 
Some highly aggressive brown rot fungi, however, such as Gloeophyllum 
trabeum, accumulate little oxalate in liquid culture (Connolly and Jellison, 1994), and 
metabolism of C14-labeled oxalate has been demonstrated in cultures of G. trabeum 
(Espejo and Agosin, 1991). Also, the enzyme oxalate decarboxylase has been isolated 
from a brown rot fungus, Postia placenta (Micales, 1995b). Problems with quantifying 
oxalate accurately, however, have limited most studies to artificial cultures, and dynamics 
in culture media may not reflect those in the wood matrix.  
Another important example of apparent oxalate regulation by brown rot fungi is 
seen among a group known as ‘dry rot’ fungi. These fungi principally include the genera 
Serpula and Meruliporia, and species in both genera are destructive brown rot wood 
degraders (Gilbertson and Ryvarden, 1986). Dry rot fungi often produce hyphal 
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organizations adapted for water transport, known as rhizomorphs or mycelial cords, and 
often degrade wood inaccessible to many other decay fungi. In addition to efficient water 
transport, these fungi are theorized to extract and utilize Ca2+ from Ca-containing 
building materials as a means for neutralizing excess oxalate (Bech-Anderson, 1985, 
Palfreyman et al., 1996). These fungi typically produce and accumulate oxalate at high 
levels, and crystallization with oxalate may provide a function common in other brown 
rot species (Palfreyman et al., 1996). 
 Regulating excess oxalate in the wood matrix may be advantageous during brown 
rot. Oxalate may bind with Fe3+ in complexes greater than 1:1, such as 2:1 or 3:1, and 
excess oxalate may enhance the higher ratio complexes. In these cases, oxalate may 
exchange Fe3+ with phenolate chelators slower than at 1:1 oxalate:Fe. This ‘over-
chelation’ has recently been shown to inhibit Fe3+ reduction and subsequent oxidative 
decay of the cellulose surrogate, polyethylene glycol (PEG) (Varela and Tien, 2003). 
This is supported by earlier reports that excess oxalate inhibits HO· production (Tanaka et 
al., 1994) and Fenton-based cellulose hydrolysis (Shimada et al., 1997). Oxalate may be 
optimized as a function of Fe availability in order to optimize Fenton-based chemistry in 
the wood cell wall. 
1.3.3 Problems Addressed by this Dissertation 
Brown rot models suggest that oxalate may be either passively accumulated or 
actively regulated in wood during brown rot decay (Munir et al., 2001, Varela and Tien, 
2003). Many roles are proposed for oxalate, but it is unclear which individual role or 
combination of roles is physiologically necessary. Steady accumulation of oxalate 
extracellularly would be beneficial in some cases (e.g., Fe3+ mobilization), while 
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optimizing oxalate levels would promote decay in other scenarios (e.g., Fe3+ transfer). 
Resolving this issue would help characterize the role of oxalate during decay and has 
implications for accumulation of oxalate in wood on the forest floor. 
Advances in this research area have been hindered in part by inconsistent 
quantification of oxalate, especially from the wood matrix. Most studies have employed 
commercially-available colorimetric kits to measure oxalate (Boehringer Mannheim, 
Sigma, or Trinity Biotech), which not only suffer from poor accuracy and a high 
detection limit, but also requires incubating at a relatively high pH, making acid-
extraction of insoluble oxalate crystals impossible. Calcium oxalate crystals are 
ubiquitous in wood degraded by fungi, and oxalate may further esterify with wood fibers 
(Hunt et al., 2004), decreasing the soluble oxalate fraction in wood. Other methods 
including KMnO4 titration, gel electophoresis, and gas chromatography, can provide for 
acid-extracted oxalate quantification; however, titrations are time-consuming and have 
low resolution, while the other techniques require compound derivitization and are 
expensive. 
High-performance liquid chromatography (HPLC) offers an alternative method 
for oxalate quantification that has been utilized for isocratically measuring the oxalate 
produced by wood decay fungi (Dutton et al., 1993). Success to date has been variable, 
however, and analyses in simple environmental conditions often do not match those from 
the colorimetric assay (Jordan et al., 1996). Many HPLC columns also require eluent 
solvents in a pH range above that required to solubilize calcium oxalate. Oxalate analysis 
with HPLC has primarily been utilized to increase analytical resolution, not to measure 
bound oxalate. Measuring only soluble oxalate may not reflect the actual amount of 
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oxalate produced, and it is likely that crystallization and fiber binding dynamics in wood 
significantly limit the available pool of soluble oxalate. This has likely contributed to a 
lack of agreement among oxalate data from brown rot cultures, and oxalate dynamics in 
the wood matrix remain poorly characterized. 
1.3.4 Specific Aims of this Dissertation 
The specific aims of this dissertation research are as follows: 
1) To effectively measure and distinguish soluble and bound oxalate in cultures of 
wood-degrading fungi  
2) To apply this methodology in a simple artificial culture-based experiment to  
 determine whether Ca2+ reduces oxalate production, as previously theorized,  
or if Ca2+ simply reduces the soluble oxalate fraction 
3) To explore how culture-based oxalate dynamics compare with those from the 
more complex lignocellulose environment, and to test whether brown rot fungi 
passively accumulate oxalate or regulate excess oxalate inside the wood matrix 
4) To test interactions between oxalate and cations, particularly Ca, Fe, and Cu, in 
wood degraded by fungi, including dry rot species theorized to be Ca-dependent. 
1.3.5 Broader Importance of this Dissertation Research 
 This research will help further characterize the mechanisms of wood degradation 
by brown rot fungi. Better defining the role of oxalic acid in brown rot degradation has a 
potential impact on the control and management of fungi as pathogens of forest trees and 
as degraders of in-service wood. Because oxalate can detoxify copper, this includes better 
control of fungi that are tolerant or resistant to copper-based wood preservatives. Oxalate 
may also detoxify other heavy metals and organic pollutants as well as play a role in 
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lignocellulose modification. Elucidating the role of oxalate in brown rot may help target 
the use of these fungi in bioremediation and bioengineering. Oxalate secretion by wood-
degrading fungi may further have biogeochemical consequences in forests, particularly in 
immobilizing O-horizon base cations. Defining oxalate dynamics during fungal wood 
degradation is therefore an important goal for advancing biodegradation research. 
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Chapter 2 
HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC ANALYSIS OF 
SOLUBLE AND TOTAL OXALATE IN LIQUID CULTURES OF THREE WOOD 
DECAY FUNGI 
 
2.1. Chapter Abstract 
Two brown-rot wood decay fungi, Fomitopsis pinicola and Meruliporia incrassata, and 
the white-rot species Phanerochaete chrysosporium were grown for 4 weeks in liquid 
culture at 0.35, 0.70, 1.05, and 5.00 mM calcium (Ca) and 1.35 and 2.70 mM magnesium 
(Mg) concentrations. Soluble and total oxalate levels were quantified using a revised ion-
exchange HPLC protocol developed specifically for resolving oxalate and other organic 
acid anions from medium components. Total oxalate concentrations in brown-rot filtrate 
were not significantly different among treatments; however, soluble oxalate decreased 
significantly with increasing Ca concentration. Higher Mg concentrations increased 
soluble oxalate levels only slightly. There was a significant decrease in filtrate pH at 5.00 
mM Ca for all species, as well as an apparent increase in decarboxylation activity in 
brown-rot fungi. Total and soluble oxalate levels in the white-rot cultures were generally 
below detection for all treatments. The results show a significant influence of Ca on 
soluble oxalate concentrations not seen previously in the brown-rot species Postia 
placenta. 
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2.2. Introduction 
Wood biodegradation is brought about primarily by brown- and white-rot 
basidiomycete fungi (Dutton et al., 1993). These fungi characteristically produce oxalic 
acid (pK1=1.23, pK2=4.26) which has been proposed to be a metabolic product of 
incomplete glucose oxidation in the tricarboxylic acid (TCA) cycle (Munir et al., 2001). 
Further catabolism of the oxalate anion via decarboxylation is common in white-rot fungi 
(Shimazono, 1955; Dutton et al., 1994; Makela et al., 2002), while brown-rot fungi often 
accumulate oxalate extracellularly (Shibamoto et al., 1952; Takao, 1965; Green et al., 
1991; Green and Clausen, 1999).  
Higher extracellular concentrations of oxalic acid in brown-rot fungi may help 
lower the extracellular pH in wood and mobilize ferric iron, and these effects may play an 
important role in non-enzymatic wood decay (Goodell et al., 1997; Hyde and Wood, 
1997; Diouf et al., 2002; Qian et al., 2002). Oxalate may also precipitate with copper in 
wood preservatives, resulting in increased copper tolerance in some brown-rot species 
(Collett, 1992; Woodward and DeGroot, 1999; Clausen et al., 2000). Oxalic acid 
production is, therefore, a familiar aspect of wood decay research. 
After oxalic acid is produced, however, functional oxalate concentrations may 
change extracellularly if the oxalate anion binds with a divalent cation to precipitate a 
salt. The most common of these precipitates in wood degraded by fungi are calcium 
oxalate crystals (Ksp=2.6 x 10-9). These crystals are effectively insoluble and often 
contain calcium translocated from other areas of the mycelium (Dutton et al., 1993; 
Connolly and Jellison, 1995; Gharieb et al., 1998). Calcium translocation and 
accumulation in wood has been demonstrated both in soil-block experiments and in field 
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decay studies (Cromack et al., 1975; Jellison et al., 1992; Connolly, 1996; Ostrofsky et 
al., 1997).   
The reason for calcium translocation and accumulation is not known. Oxalic acid 
secretion may simply create a sink for passively diffused calcium ions.  In addition to 
calcium, accumulation of other divalent cations such as magnesium has been observed in 
wood decay studies (Tyler, 1982; Ostrofsky et al., 1997). Functional roles for calcium 
oxalate formation during wood decay have also been hypothesized, including hydrolysis 
of pectin in pit membranes (Green et al., 1996), decrease in buffering capacity around 
hyphae (Connolly and Jellison, 1994), and neutralization of excess oxalate (Bech-
Andersen, 1987). In all cases, precipitation of calcium with oxalate should theoretically 
decrease the soluble fraction of extracellular oxalate. 
 Because there is interest in total oxalic acid production and soluble oxalate 
concentration, accurate quantification of both insoluble and soluble oxalate fractions is 
valuable. Soluble oxalate determinations have been common, and analytical techniques 
include colorimetric assay (Espejo and Agosin, 1991; Micales, 1994), high-performance 
liquid chromatography (HPLC) (Dutton et al., 1993; Jordan et al., 1996; Urzua et al., 
1998), and gas chromatography (Munir et al., 2001). Ion-exchange HPLC is the most 
widely used of these techniques, but methods have been unreliable due to interfering 
peaks and poor sensitivity. Total oxalate (acid-extractable) has generally been ignored in 
previous wood decay studies due either to the acidic conditions required during analysis 
or to the difficulty in using traditional KMnO4 titrations (Bateman and Beer, 1965).  
We designed this study to quantify both soluble and total oxalate production by 
several wood decay fungi growing in various calcium and magnesium concentrations. We 
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wanted to develop an ion-exchange HPLC method that could resolve oxalate from 
medium components and that used an acidic mobile phase suitable for total oxalate 
determination. Our immediate goal was to test the effects of these base cations on oxalic 
acid production and oxalate solubility, and to monitor the effects on pH and oxalate 
catabolism. We also wanted to compare brown-rot species with low decarboxylation 
activity to a decarboxylating white-rot species, and compare our results to a previous 
experiment with Postia placenta (Micales, 1995a) where similar calcium treatments had 
no detectable effect on soluble oxalate. 
 
2.3. Materials and Methods 
2.3.1. Treatments and Growth Conditions 
 Brown-rot isolates Meruliporia incrassata mfstoner1 and Fomitopsis pinicola FP-
105877R, and the white-rot isolate Phanerochaete chrysosporium ATCC 24725 were 
grown for 2 weeks on 2% (w/v) malt extract broth agar plates solidified with 2% Bacto 
agar (Difco, Detroit, MI). Inoculum blocks with a top surface area of 1 cm2 were cut from 
the outer edge of the growing cultures. Two blocks were floated on the surface of 200 ml 
sterile modified basal salts solution (Highley, 1973) per 500 ml flask. The sole carbon 
source was 2% (w/v) glucose. 
 Magnesium (Mg) treatments were amended to 1.35 mM (low) and 2.70 mM 
(high) with MgSO4 • 7H20 (Sigma Chemical Co., St. Louis, MO). Calcium (Ca) 
treatments were amended with CaCl2 • 2H20  (Sigma Chemical Co., St. Louis, MO) to 
0.35, 0.70, 1.05, and 5.00 mM, similar to Micales (1995a). There were 8 treatments 
representing each Ca/Mg combination, and there were 4 replicate flasks per treatment and 
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per test species. Replicated non-inoculated cultures for each treatment were included as 
controls, and oxalate and pH measurements were taken after the incubation period.  
Cultures were incubated without shaking for 4 weeks at room temperature, approximately 
21oC. 
2.3.2. Soluble Oxalate and pH 
 At the time of harvest, duplicate 5 ml aliquots of unfiltered culture filtrate were 
removed from each flask, one for soluble oxalate and pH and the other for the 
decarboxylation assay. The oxalate/pH aliquot was transferred to a sealable polyethylene 
tube, the pH was measured on an Accumet Research AR10 pH meter, and the samples 
were stored at -70oC. The decarboxylation assay was performed immediately on the 
second 5 ml aliquot in glass test tubes as described later.  
For soluble oxalate determination, filtrate samples were thawed to 4oC, and 
filtered through 2.2 μm polysulfone syringe filters into autosampler tubes for immediate 
HPLC analysis.  After verifying the absence of oxalate in non-inoculated cultures, 
positive controls for each treatment were created by amending non-inoculated cultures 
with sodium oxalate (Sigma Chemical Co., St. Louis, MO) to a final concentration of 2 
mM. These were analyzed for soluble oxalate in triplicate to determine the effect of 
treatment on oxalate solubility in the absence of the fungal isolates.  Positive controls 
were then extracted for total oxalate for use as positive standards described below. 
2.3.3. Total Oxalate 
Total oxalate extractions were achieved by acidifying the remaining flask cultures 
with HCl to a final concentration of 0.2 N. Acidified cultures were shaken gently, 
incubated overnight at 21oC, shaken again, and buffered with phosphate buffer (pH 1.35). 
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The pH was adjusted to 1.35 with 1 N NaOH. Samples were then filtered through 0.22 
μm filters and analyzed immediately.   
 Positive standards for total oxalate were included in triplicate in order to 
determine the efficacy of the total oxalate extraction procedure with these treatments.  
 2.3.4. Decarboxylation Assay 
 Decarboxylation activity was measured indirectly and only for brown-rot fungi. 
Ten μmol sodium oxalate was added to 5 ml culture filtrate to achieve at least a 2 mM 
concentration, ensuring rate of oxalate metabolism was not reactant-limited. Samples 
were incubated at 40oC for 2 h and immediately frozen to -70oC to slow enzymatic 
activity. These samples were then thawed to 4oC, boiled for 5 min, filtered, and analyzed 
for soluble oxalate. Oxalate catabolism is expressed as µmol min-1.   
2.3.5. HPLC 
 All oxalate HPLC analyses were performed using a Hitachi system with an L6000 
reciprocating piston pump, an AS-4000 autosampler, and an L4500A-DAD detector. 
Separations were at 30oC on an Aminex HPX-87H (Bio-Rad Laboratories, Richmond, 
CA) strong ion-exchange column (9μm, 300 x 7.8mm I.D., pH range 1-3), protected with 
a SecurityGuard (Phenomenex, Torrance, CA) guard column. The mobile phase for all 
analyses was 20 mM H2SO4 (pH 1.40) pumped at a rate of 0.6 ml min-1. Injection volume 
was 20 μL, detection was at 210 nm, and quantification was by peak area.   
 Oxalate retention time (tR), baseline resolution, and column efficiency were 
determined using sodium oxalate standards both in HPLC-grade water and in basal salts 
solution. The mobile phase was also compared to a 5 mM H2SO4/15 mM Na2SO4 mobile 
phase to clarify the role of pH versus sulfate in oxalate retention and peak efficiency. 
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Medium components were added individually to determine the source of any interfering 
peaks, and oxalate oxidase (Sigma Chemical Co., St. Louis, MO) was added both to basal 
salts standard and to fungal culture filtrate to test peak purity by monitoring the loss of 
the oxalate peak. 
Soluble oxalate standards were prepared both in basal salts medium without Ca or 
Mg sources and in deionized distilled water. All soluble oxalate standards were acidified 
with HCl to pH 3.00. Total oxalate standard curves were generated for each treatment 
combination by preparing standards in basal salts media at every concentration of Ca and 
Mg, with subsequent buffering with phosphate buffer and NaOH as in filtrate samples.   
2.3.6. Data Analysis 
Post-hoc LSD means comparisons between treatments were performed using 
SYSTAT after two-way ANOVA. Grouping variables were for both cation 
concentrations.  
 
2.4. Results 
2.4.1. HPLC Detection 
 Oxalate retention was affected by sulfate concentration as opposed to pH, but 
peak efficiency was higher in 20 mM H2SO4 than in the sodium sulfate mixture. The 
H2SO4 mobile phase allowed baseline resolution of oxalate (tR 6.95 - 7.00) from a large 
NO3- peak (tR 5.95 - 6.00) in the culture medium (Figure 2.1.). Peak loss upon addition of 
oxalate oxidase was complete in basal salts and in fungal cultures, verifying oxalate peak 
purity. System variability (CV) among replicated standards was less than 2%, and 
retention time did not change during the analyses. 
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Figure 2.1. HPLC chromatogram showing the separation of oxalate (tR = 6.98) from 
medium components (nitrate, tR = 5.97), with detection at 210 nm. 
 
 
 Standard curves for soluble oxalate were replicated at different times with total 
variability less than 1%. There was no difference between chromatographs from the salts 
medium and from water other than the NO3- peak. Total oxalate standard curve slope 
decreased 13% between the lowest and highest calcium concentrations, but there was no 
significant effect on R2 values which averaged 0.98. Magnesium concentrations did not 
affect total oxalate extraction efficiency. 
2.4.2. Soluble/Total Oxalate and pH 
 Culture filtrate pH decreased over time in all three species (Figure 2.2.). 
Significance between treatments was based on hydrogen ion concentration, and protected 
LSD means comparisons revealed lower pH at 5.00 mM calcium than for other 
treatments for both F. pinicola (p<0.001) and P. chrysosporium (p<0.001).   
 
 28
pH 
2 
3 
4 
5 
F. pinicola 
 
2
3
4
5
  
 
P. chrysosporium
2
3
4
5
M. incrassata
  
     
 
 
  
      0.35 0.70  1.05  5.00 
Calcium (mM) 
  L H  L H  L H  L H       0.35 0.70 1.05 5.00
Calcium (mM)
 L H   L H   L H    L H
 
  
      0.35 0.70  1.05  5.00
Calcium (mM)
 L H   L H  L H   L H
 
[H+
0.000
0.002
0.000
0.002
0.000
0.002
Figure 2.2. – Filtrate pH as a function of species and Ca and Mg concentration at time 
zero and at week 4. Graphs of [H+] mirror pH graphs, but include standard deviation 
(S.D.). L = 1.35 mM Mg; H = 2.70 mM Mg;         time zero         week 4 
 
 
While F. pinicola total oxalate concentrations were not significantly different 
among treatments, soluble oxalate concentrations (Figure 2.3.) were significantly affected 
calcium concentration (Table 2.1.a). Magnesium concentration did not significantly affect 
oxalate levels.   
M. incrassata total oxalate concentrations were also unaffected by treatment, and 
levels were notably lower than those for F. pinicola. Soluble oxalate (Figure 2.3.) was 
significantly lower in the 5 mM calcium treatments (Table 2.1.b). Magnesium appeared 
to positively affect oxalate solubility, but treatment effects were not significant 
(p=0.091).   
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Figure 2.3. – Soluble and total oxalate (±S.D.) in Fomitopsis pinicola and Meruliporia 
incrassata at harvest.        soluble         total; L = 1.35 mM Mg; H = 2.70 mM Mg 
 
 
Table 2.1. – Protected** LSD means comparisons of mean soluble oxalate a) Fomitopsis  
pinicola, b) Meruliporia incrassata as a function of Ca treatment. 
(*p<0.05, **p<0.001)  
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Small amounts of soluble and total oxalate were detected in several P. 
chrysosporium replicates among several treatments, although most were below the 
minimum concentration of the standard curve (<0.01 mM). There were no significant 
differences between any treatments.  
 Non-inoculated positive standards for soluble and total oxalate revealed both a 
significant effect of calcium on solubility and a significant increase in solubility at the 
higher magnesium concentration (Figure 2.4.). 
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Figure 2.4. – Soluble and total oxalate (±S.D.) in non-inoculated basal 
 medium amended to 2.00 mM oxalate with sodium oxalate. 
 .    total           soluble; L = 1.35 mM Mg; H = 2.70 mM Mg 
 
2.4.3. Decarboxylation Assay 
 The decarboxylation assay suggested more oxalate metabolism occurred in 
cultures of M. incrassata than in those of F. pinicola (Figure 2.5.). Rates of 
decarboxylation for both brown-rot fungi were significantly higher in the 5.00 mM 
calcium treatments than at other calcium concentrations. 
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Figure 2.5. Decarboxylation activity at week 4 as a function of species and Ca and Mg 
concentration. Rate is oxalate consumed per minute over 2 hour incubation at 40oC. 
 31
2.5. Discussion 
 Our HPLC method allows resolution of a pure oxalate peak from an interfering 
nitrate peak, something which was not achievable using many previously described 
procedures. Because oxalate elutes before most other organic acid anions during ion-
exchange, elution of oxalate after nitrate will also allow determination of other organic 
acids of interest. The use of an acidic mobile phase is also an important component of our 
method. This will increase total oxalate accuracy both by avoiding calcium oxalate 
reprecipitation in the column and by keeping oxalic acid protonated to allow detection of 
a more homogenous phase (Dutton et al., 1991). Because of historical problems using 
ion-exchange HPLC for oxalate determination, these methodological advances are an 
important contribution of our study. 
 In our fungal cultures, calcium and magnesium availability did not significantly 
affect total oxalate concentrations in filtrate. This suggests that these cation treatments 
did not affect overall production of oxalic acid. 
 Solubility of the oxalate anion, however, is clearly affected by calcium. The 
decrease in soluble oxalate with increasing calcium likely reflects a Le Chatelier shift 
toward calcium oxalate product as calcium concentration is increased. This is supported 
by the similarity of oxalate graphs from fungal cultures to the graph of oxalate solubility 
in non-inoculated standards (Figure 2.4.). The pattern among M. incrassata treatments, 
however, was not as pronounced as in F. pinicola, and one explanation could be active 
regulation of extracellular soluble oxalate concentration by M. incrassata. Statistical 
confidence in this experiment, however, would have been increased with more evenly-
spaced treatments over a broader range of concentrations.  
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Our treatment structure was similar to a previous study of oxalate in calcium-
amended cultures of Postia placenta (Micales, 1995a). In this earlier study, media 
calcium concentrations did not affect soluble oxalate levels after two weeks of growth in 
liquid culture. The lack of significance may be due to colorimetric kit resolution 
problems or may be the result of a shorter growth period. Postia placenta is also known 
to produce oxalate decarboxylase (ODC) and catabolize oxalate (Micales, 1995b), and 
this may have complicated the observed effects of calcium on soluble oxalate. 
 Although a significant effect of calcium on brown-rot filtrate pH was present only 
in F. pinicola, a decrease in pH may be more apparent at discrete sites along growing 
hyphae. As oxalic acid binds with calcium near the hyphal wall, H+ will be released and 
the buffering capacity of the oxalate anion will be lost. Therefore, calcium-oxalate 
formation may decrease pH in the area immediate to the crystals. Maintenance of a pH 
differential between the area of crystal formation along the hyphal wall and the wood cell 
would have direct implications for non-enzymatic oxidative decay mechanisms (Goodell 
et al., 1997; Jellison et al., 1997).   
Similar pH dynamics in P. chrysosporium, however, complicate our 
interpretations of oxalate and pH maintenance. Phanerochaete chrysosporium did not 
accumulate any soluble or insoluble oxalate. This fungus may be producing oxalate but 
decarboxylating it prior to secretion; however, formate, an organic acid anion produced 
during decarboxylation by oxalate decarboxylase (ODC), was not detected in any 
treatment.  These observations may also reflect a mechanism other than oxalic acid 
production for pH-regulation in cultures of P. chrysosporium. 
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 The decarboxylation assay of brown-rot species suggests more oxalate catabolism 
at high calcium concentrations, but this pattern may be a function of free Ca2+ in the 
medium. If oxalic acid production is constant among various calcium treatments, the 
higher calcium treatments will have more free calcium ions to bind oxalate as it is added, 
leading to unreliable results when measuring soluble oxalate. This may also explain why 
decarboxylation activity appears higher for M. incrassata which produced less oxalate 
than F. pinicola. Based on these results, we suggest including measures of both soluble 
and total oxalate when using loss of oxalate reactant as a measure of decarboxylating 
enzyme activity. 
 
2.6. Conclusion 
 We have developed an HPLC method for use on fungal culture filtrate that 
efficiently resolves oxalate from medium components and uses an acidic (pH 1.4) mobile 
phase, allowing a simple and more accurate quantification of both soluble and total 
oxalate as a function of culture variables. In our study, calcium and magnesium did not 
affect brown-rot oxalic acid production while calcium significantly affected oxalate 
solubility. Effects on oxalate solubility are important because soluble oxalate may play an 
essential role in non-enzymatic brown-rot decay of wood (Goodell et al., 1997). Research 
is underway to explore this calcium-dependent oxalate partitioning in the wood matrix 
and as a function of species. Understanding the dynamics of calcium oxalate 
accumulation in decaying wood is important both for understanding the role of calcium in 
wood decay mechanisms and for understanding the nature of calcium retention in forest 
soils increasingly stressed by acidic deposition (Likens et al., 1996). 
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Chapter 3 
 
OXALATE REGULATION BY TWO BROWN ROT FUNGI DECAYING 
OXALATE-AMENDED AND NON-AMENDED WOOD 
 
3.1. Chapter Abstract  
Oxalic acid secretion by brown rot wood-degrading fungi has been proposed to function 
in pH control and non-enzymatic biodegradation. Although oxalate production in liquid 
cultures of brown rot fungi commonly correlates with glucose oxidation, excess oxalate 
accumulation in wood during oxidative decay could impede Fe3+ reduction by fungal-
derived chelators and thus inhibit brown rot. In this study, we pre-treated spruce wood 
with various oxalate concentrations and subjected it to brown rot decay by Fomitopsis 
pinicola and Meruliporia incrassata in agar- and soil-block trials. In agar-block 
microcosms containing wood pre-treated with 0, 1, 10, and 100 mM sodium oxalate, test 
fungi equalized wood oxalate and pH at week 12 of decay by either increasing or 
reducing wood oxalate depending on pre-treatment. Oxalate reduction in wood was not 
explained by increases in agar oxalate. During soil-block decay of 0 and 50 mM oxalate 
pre-treated wood, oxalate and pH regulation were time-dependent and more variable. 
Wood oxalate levels did not increase with increasing fungal biomass (per ergosterol); 
however, decreases in oxalate were not explained by enhanced oxalate catabolism 
activity, Ca2+ import, or translocation of oxalate into soil. Our results suggest that brown 
rot fungi may optimize extracellular oxalate during wood decay, and that soil 
characteristics may influence this dynamic. 
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3.2. Introduction 
During wood degradation, brown rot fungi breech the lignin barrier in wood 
primarily by demethylating aryl methoxy groups on lignin rings (Filley et al., 2002). This 
modification provides access to holocellulose without fully degrading lignin, and brown 
rot fungi may subsequently initiate depolymerization oxidatively (Cowling and Brown, 
1969). Non-enzymatic decay likely involves HO⋅ produced from Fe2+ and H2O2 via the 
Fenton reaction (Koenigs, 1974), with Fe3+ reduction mediated by a fungal-derived 
compound (Goodell et al., 1997, Hyde and Wood, 1997, Kerem et al., 1998). Although 
fungal secretion of oxalic acid may enhance Fe3+ availability during brown rot by 
reducing pH and solubilizing soil-bound Fe3+ (Varela and Tien, 2003), it is unclear if this 
facilitative role is controlled by fungi or incidental to oxalic acid production as a 
metabolic product. 
Oxalate accumulation has historically been a distinguishing physiological 
characteristic between brown and white rot fungi (Takao, 1965). Unlike white rot fungi, 
which often decarboxylate extracellular oxalate (Shimazono, 1955, Makela et al., 2002), 
brown rot fungi typically accumulate oxalate in culture media. In addition to solubilizing 
soil iron, oxalate produced by brown rot fungi has been theorized to function in acid-
hydrolyzing cellulose (Green III et al., 1991), detoxifying metals (Collett, 1992, Clausen 
et al., 2000, Clausen and Green, 2003), reducing Fe3+ (Schmidt et al., 1981), and 
chelating calcium from wood pit membranes (Green et al., 1996).   
Research into the physiology of oxalate production by brown rot fungi suggests 
that oxalic acid is a metabolic product of glucose oxidation (Munir et al., 2001). 
Generating oxalate instead of CO2 from TCA and GLOX cycles may be efficient in high 
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carbon:nitrogen wood. Without oxalate decarboxylation or alternative oxalate regulation, 
oxalate would accumulate as a function of fungal respiration. A direct correlation 
between glucose metabolism and oxalate accumulation has been demonstrated in liquid 
culture for brown rot fungi (Micales, 1994, Munir et al., 2001). 
Emergent brown rot decay theory, however, suggests that oxalate could impede 
non-enzymatic degradative mechanisms at high physiological concentrations  (Varela and 
Tien, 2003). Oxalate improves dissolution of soil Fe3+ (Stone, 1997), bound primarily 
with hydroxides in aerobic soils (Jellison et al., 1997).  In the dark, however, oxalate does 
not reduce Fe3+ (Henry, 2003), and thus oxalate cannot initiate Fenton chemistry. Instead, 
iron is likely reduced by a separate fungal-derived chelator such as 2,5-
dimethoxybenzoquinone (2,5-DMBQ) (Paszczynski et al., 1999). Because oxalate could 
interfere with chelator-mediated iron reduction when oxalate:Fe3+ ratios are higher than 
1:1, brown rot fungi may benefit by regulating excess oxalate. Varela and Tien (2003) 
have demonstrated that 2,5-DMBQ-mediated iron reduction and subsequent lipid 
peroxidation are inhibited at higher oxalate levels. 
There is also observational evidence that brown rot fungi may be capable of 
regulating extracellular oxalate. Gloeophyllum trabeum, for example, can cause 
significant cellulose depolymerization while accumulating less oxalate than other fungi 
(Connolly and Jellison, 1994). Espejo and Agosin (1991) demonstrated significant 14CO2 
evolution from 14C-labelled oxalic acid in cultures of G. trabeum and Postia placenta, 
indicative of enzymatic oxalate catabolism. The oxalate-catabolizing enzyme oxalate 
decarboxylase (ODC) has also been purified from Postia placenta (Micales, 1995b). 
Combined, these data suggest that brown rot fungi may be capable of regulating 
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extracellular oxalate during wood decay and that these fungi may benefit mechanistically 
by doing so. 
For our study, we amended spruce wood with different oxalate concentrations and 
subjected it to colonization by two brown rot fungi in agar- and soil-block microcosms. 
We tested a Fomitopsis pinicola isolate that accumulates significant amounts of oxalate 
in liquid culture, and a Meruliporia incrassata isolate which produces less oxalate and 
may import Ca2+ to bind oxalate, as theorized for “dry rot” fungi (Palfreyman et al., 
1996). Our study had three goals: 1) to test if wood oxalate accumulated linearly with 
increasing fungal biomass during decay, 2) to determine if the test fungi would equalize 
different initial wood oxalate levels, and 3) to explore the fate of oxalate when levels in 
wood were reduced, either via catabolism, translocation out of the wood matrix, or 
'neutralization' with translocated Ca2+. 
 
3.3. Materials and Methods 
3.3.1. Treatments, Growth, and Harvest 
Brown rot isolates Meruliporia incrassata (Berk. et Curt.) Murr. (isolate No. 
mfstoner1) and Fomitopsis pinicola (Sw.:Fr) P. Karst. (isolate No. FP-105877R) were 
maintained on 2% (w/v) malt extract (Difco, Detroit, MI) solidified with 2% Bacto agar 
(Difco). Inoculum for microcosm trials was obtained by cutting agar squares (1 cm2) 
from the mycelial margin in two-week old cultures. 
For agar-block trials, inoculum was placed on 20 mL of solidified medium 
between two parallel 5 mm outer diameter glass rods embedded in the agar. Spruce 
heartwood blocks (transverse 25 x 25 x 7 mm) were placed on the rods and away from 
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inoculum to avoid direct agar contact. For modified standard soil-block trials (ASTM, 
1986), jars were filled half full with 1:1:1 potting soil, peat, and vermiculite soil mix 
moistened with distilled water. Four inoculum squares were placed on two birch feeder 
strips resting on the soil surface. After two weeks growth, two spruce blocks (transverse 
25 x 25 x 12.5 mm) were added transverse side down to each jar.   
Prior to inoculation, spruce blocks were soaked in sodium oxalate (Sigma, St. 
Louis, MO) solutions 48 hours in the dark at 21oC. Oxalic acid was not used due to 
potential acid hydrolysis. Oxalate levels for agar-block treatments were 0, 1, 10, and 100 
mM (n=6 per treatment), and were 0 and 50 mM for soil-block treatments (n=4 per 
treatment/harvest). Blocks were oven-dried at 95oC to determine dry weights.  
Control treatments consisted of both time zero wood treatments and incubated 
microcosms without fungal inoculum. A post-hoc control trial was also used to compare 
treatment efficacy between soaking and vacuum aspirating blocks of both block sizes 
(n=4 per treatment) over 48 hours.  Additionally, wood treated with 0 and 50 mM NaSO4 
instead of sodium oxalate was decayed in soil-block jars (n=4 per treatment) by both 
fungi for 12 weeks to test ionic strength and sodium effects on decay. All microcosms 
were maintained at room temperature during growth.   
Agar-block treatments were harvested at week 12, while soil-block treatments 
were harvested in a time series at weeks 2, 4, 8 and 16. In both agar and soil harvests, a 
block was removed, weighed, dried at 95oC, and re-weighed to quantify moisture content, 
weight-loss, and density. The dried block was milled in a Wiley Mill through a 20-mesh 
filter, and the wood flour was used for organic acid and cation analysis.   
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In soil-block jars, the additional paired block was thoroughly cleaned of surface 
hyphae, weighed, and milled without drying. Exactly 0.4 g of flour was stored 
immediately in 5 mL of MeOH at 4oC as per Newell et al. (1988) prior to ergosterol 
analysis. The remaining flour was stored at -70oC for oxalate catabolism assays. 
Two vertical 15 mm diameter soil cores were taken adjacent to the blocks in soil 
block jars. This soil was oven dried and homogenized. Agar from agar-block microcosms 
was stored at -70oC along with soil for subsequent organic acid analysis. 
 
3.3.2. Oxalate and pH 
 Dried wood flour and deionized water in 1:20 ratio (w/v) were allowed to 
equilibrate for 2 hours. After measuring pH, 2 mL was removed, filtered through a 0.22 
µm polysulfone filter, and analyzed via HPLC as 'soluble' oxalate. Remaining sample 
was acidified with HCl to 0.2 N, extracted overnight, and buffered with phosphate buffer 
(pH 1.35). The pH was adjusted to 1.35 with 1 N NaOH and samples were filtered as 
above. This oxalate fraction was considered 'acid-extractable' and was designed to 
include both membrane-bound oxalate and crystallized calcium oxalate.   
 For agar media analyses, agar was added to deionized water in 1:1 ratio (v/v). Soil 
analysis from soil-block was also in deionized water in 1:15 ratio (w/v). Both agar and 
soil samples were acid-extracted as above and analyzed via HPLC. 
 HPLC organic acid separations were at 30oC on an Aminex HPX-87H (Bio-Rad, 
Richmond, CA) ion-exchange column (9μm, 300 x 7.8mm I.D.), with 25 mM H2SO4 + 
10 mM NaSO4 mobile phase pumped at 0.6 ml min-1. Mobile phase was higher sulfate 
than previously for liquid cultures (Schilling and Jellison, 2004) to ensure later elution of 
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oxalate and to allow separation from nitrate and other void peak contaminants in wood. 
Injections were 20 μL, detection was at 210 nm, and quantification was by peak area. 
Oxalate was verified by peak loss after incubating with oxalate oxidase (Sigma). 
Extraction efficiency was measured as the coefficient of variation (CV) among 12 
extractions of a single 10 mM treatment wood block. Variation among 10 separate 
injections was also quantified. 
3.3.3. Ergosterol Analysis 
 To assess fungal biomass in decaying wood, wood flour stored in MeOH was 
extracted for ergosterol using a method adapted from Tank and Webster (1998). Samples 
were refluxed, saponified with 4% KOH in ethanol, refluxed again and centrifuged twice 
with one MeOH wash. To combined supernatant, 1 mL deionized water and 2 mL 
pentane were added and mixed. After 15 minutes, the pentane layer was removed and 
evaporated overnight. Precipitate was dissolved in 2 mL MeOH, filtered through PTFE to 
0.2 µm, and analyzed immediately via HPLC. 
Ergosterol separations were at 40oC on a Synergi Hydro-RP (Phenomenex, 
Torrance, CA) reverse-phase column (5μm, 250 x 4.6mm I.D.), with MeOH eluent 
pumped at 1 ml min-1. Injections were 20 μL, detection was at 282 nm, quantification 
was by peak area, and peak resolution was verified against 7-dehydrocholesterol.  
Ergosterol-to-biomass conversions were avoided due to historic variability (Charcosset 
and Chauvet, 2001), and ergosterol concentration (μg g-1) was used instead. 
3.3.4. Oxalate Catabolism Activity  
 Frozen wood flour was warmed and 0.2 g added to 4 mL of 2 mM sodium oxalate 
in deionized water. Baseline samples were immediately boiled for 5 minutes. Duplicate 
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samples were incubated at 40oC for 2 hours prior to boiling. Samples were acid-extracted 
and analyzed via HPLC, and activity was determined as the concentration of oxalate 
reactant loss during incubation. Due to peak interference in the wood matrix, we could 
not include data on formate production after incubation. 
3.3.5. Wood Cation Analysis 
 Dried wood flours from time zero and week 16 soil-block jars were dry ashed at 
550oC, dissolved in dilute HCl, and analyzed by inductively-coupled plasma optical 
emission spectroscopy (ICP-OES) for calcium (Ca), potassium (K), magnesium (Mg), 
aluminum (Al), iron (Fe), manganese (Mn), zinc (Zn), and sodium (Na).   
3.3.6. Statistics 
One- and two-way ANOVA's were used to analyze oxalate treatment and 
treatment/species effects in agar-block trials, and treatment/time effects in soil-block 
trials. Treatment interactions were tested for importance after transformation. Prior to 
analysis, percentage and ratio data were log transformed, and pH data were converted to 
[H+]. All analyses were performed on SYSTAT, with significance level set at 0.05. 
 
3.4. Results 
3.4.1. Agar-block Experiment
3.4.1.1. Controls  Increasing sodium oxalate pre-soak concentration increased 
oxalate levels in wood prior to fungal degradation, and increased wood pH due to the 
nature of sodium oxalate as a basic salt. After 12 weeks in non-inoculated control 
microcosms, these oxalate (Figure 3.1.) and pH (Table 3.1.) patterns were unchanged, 
and no oxalate was detectable in the agar.  Coefficient of variation (CV) among 12 
 42
separate extractions of a 10 mM control wood flour was 2.7%, and among 10 replicate 
HPLC injections was 1%. 
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Figure 3.1. – Mean oxalate concentration (±S.E.) in dried wood flour after 12 weeks of 
decay in agar-block microcosms with no inoculum (control) or with Fomitopsis pinicola 
or Meruliporia incrassata, and as a function of wood pre-treatment with 0, 1, 10, or 100 
mM sodium oxalate. Oxalate expressed per final fresh wood volume.  
 
Table 3.1.   Week 12 agar-block wood weight-loss, wood pH, and agar oxalate per wood 
oxalate pre-treatment and test fungus.* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 15.98 (1.13)   3.43           0.85 (0.13)
1 15.10 (1.66)   3.40           0.77 (0.10)
10 16.50 (2.30)   3.40           0.83 (0.13)
100 16.97 (0.70) 3.36           0.94 (0.28)
F. pinicola
0 7.20 (1.38) 3.76           2.05 (0.64)
1 6.28 (0.95) 3.84           2.96 (0.47)
10 5.25 (0.99) 3.73           2.20 (0.07)
100 5.23 (0.30) 3.77           2.22 (0.54)
M. incrassata
Wood AgarTest
Fungus Wt.-Loss (%) pH Oxalate (mM)
0 0.04 (0.03) 4.43a 0.00 (0.00)
1 0.01 (0.03) 4.74b              0.00 (0.00)
10 0.03 (0.01) 5.29c              0.00 (0.00)
100 0.00 (0.01) 5.64c              0.00 (0.00)
Control
(no inoculum)
Oxalate pre-
treat (mM)
*Means (±S.E.) followed by same letter not significantly different. 
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3.4.1.2. Wood Exposed to Fungi  After 12 weeks of decay by Fomitopsis 
pinicola, wood weight-loss was moderate (Table 3.1.), with no effect of oxalate pre-
treatment concentration (p=0.852).  There was also no oxalate pre-treatment effect on 
final wood pH (p=0.416) or on final oxalate concentration in the agar medium (p=0.881). 
Week 12 wood acid-extractable oxalate levels were statistically the same, regardless of 
wood oxalate pre-treatment (p=0.142), while week 12 soluble oxalate was treatment-
dependent (p<0.001), being higher in 0 and 1 mM than in 10 and 100 mM oxalate pre-
treatments (Figure 3.1.). 
In wood decayed 12 weeks by Meruliporia incrassata, oxalate pre-treatment had 
no effect on wood weight-loss (p=0.472), wood pH (p=0.547), or agar oxalate 
concentration (p=0.448) (Table 3.1.).  Final acid-extractable oxalate levels were 
statistically the same, irrespective of oxalate pre-treatment levels (p=0.614), and soluble 
wood oxalate was dependent on oxalate pre-treatment (p=0.003), again being higher in 0 
and 1 mM than in 10 and 100 mM pre-soaks (Figure 3.1.). 
Two-way ANOVA showed significantly more wood weight-loss in F. pinicola 
cultures than for M. incrassata, as well as lower pH, less soluble and acid-extractable 
oxalate, and less oxalate in the agar medium at week 12 (p<0.001 in each case). 
Wood decayed by both test fungi had significantly less soluble and acid-
extractable oxalate than at time zero in 100 mM pre-soaks (p<0.001 for each), 
demonstrating that oxalate was reduced in certain treatments to achieve the final level.  
3.4.2. Soil-block Experiment 
3.4.2.1. Controls  Wood pre-soaked in 50 mM sodium oxalate had higher soluble 
(p=0.002) and acid-extractable oxalate levels (p=0.003) than in 0 mM treatments at time 
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zero. Wood pH was higher (p<0.001) in 50 mM treatments.  Control oxalate data is 
presented in Table 3.2., and pH is presented in Figure 3.2. 
Mean oxalate (±S.D.) in vacuum-aspirated post-hoc control blocks was 1.23 
(0.07) mmol g-1 in small blocks and 1.79 (0.40) mmol g-1 in large experimental blocks 
versus 0.78 (0.04) mmol g-1 in soaked small blocks and 1.15 (0.09) mmol g-1 in large 
experimental blocks.  Blocks soaked in sodium oxalate solution without aspirating 
accumulated around 64% of the oxalate accumulated in vacuum-aspirated blocks.  
Wood pre-treated with 50 mM NaSO4 did not affect weight-loss during 12 weeks 
of decay by M. incrassata (p=0.133) or F. pinicola (p=0.371).  Weight-loss in all 0 and 
50 mM treatments was 39-51%, with CV<4%, with the exception of 50 mM treatments 
decayed by F. pinicola (CV=24.3%). 
3.4.2.2. Weight Loss and pH  Weight loss in wood decayed by F. pinicola 
increased significantly over time (p<0.001) (Figure 3.2. top).  Weight-loss was higher in 
0 mM oxalate treatments (p=0.015).  The time versus oxalate treatment interaction was 
not significant (p=0.914).  Wood pH decreased significantly over time (p=0.003) and was 
lower in 0 mM treatments (p<0.001). 
 Weight-loss in wood decayed by M. incrassata increased over time (p<0.001), 
and at each time interval except week 16 when decay slowed (Figure 3.2. bottom).  
Oxalate pre-treatment did not affect weight-loss (p=0.816).  Wood pH had significant 
interactions between time and oxalate pre-treatment (p<0.001).  Wood pH was 
significantly different between pre-treatments at each harvest except week 16, and did not 
change significantly between week 4 and 8 for either treatment. 
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Figure 3.2. – Mean wood weight loss (±S.E.) and pH per time in 0 or 50 mM oxalate 
pre-treated wood decayed in soil-block microcosms by Fomitopsis  pinicola or 
Merulipora  incrassata. Weight loss:      0 mM        50 mM     pH: --▲-- 0 mM     
--■-- 50 mM 
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3.4.2.3. Ergosterol  Wood ergosterol concentration increased over time 
(p<0.001), with no oxalate pre-treatment effect on F. pinicola (p=0.830) and M. 
incrassata (p=0.380) (Table 3.2.). Ergosterol regressed with pre-incubation wood oxalate 
from catabolism assays generated weak linear correlations for F. pinicola (y=1⋅10-04x + 
2.9149, R2=0.097) and M. incrassata (y=2⋅10-05x + 0.7342, R2=0.267). 
 
Table 3.2. – Ergosterol, soil oxalate, and wood oxalate catabolism activity in soil-block 
decayed wood as a function of time, wood oxalate pre-treatment (0 or 50 mM oxalate), or 
test fungus species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test
Fungus
Ergosterol (µg g-1) Soil Oxalate (µmol g-1) Oxalate Catabolism (µmol cm-3)
0                    50           0                    50 0                    50Week
0             0.00 (0.00)a 0.00 (0.00)a 0.11 (0.03) 0.11 (0.03) 0.07 (0.03) 0.02 (0.04)
16           0.00 (0.00)a 0.00 (0.00)a 0.04 (0.06) 0.10 (0.03) 0.07 (0.01) 0.03 (0.05)      
0                0.00 (0.00)a 0.00 (0.00)a 0.11 (0.03) 0.11 (0.03) 0.07 (0.03)        0.02 (0.04)
2             0.88 (0.51)a 0.00 (0.00)a 5.81 (1.97) 4.21 (0.62) 5.41 (1.22) 6.02 (0.42)
4             2.19 (0.32)a 1.85 (0.29)a 5.77 (2.75) 5.94 (1.99) 2.78 (1.00) 3.07 (0.51)
8             1.76 (0.86)ab 3.24 (1.56)ab 2.94 (1.71) 0.18 (0.05) 0.11 (2.81) 2.66 (1.11)
16           7.75 (3.03)b 6.94 (1.40)b 11.40 (7.25) 0.09 (0.03) 0.94 (2.79) 6.47 (1.85)
0                0.00 (0.00)a 0.00 (0.00)a 0.11 (0.03)a 0.11 (0.03)a 0.07 (0.03)       0.02 (0.04)
2             1.84 (1.83)a 0.50 (0.50)a 0.16 (0.05)a 1.75 (0.95)a 4.63 (0.18) 4.18 (0.27)
4             9.70 (4.45)b 7.29 (0.90)b 7.24 (2.60)b 10.02 (3.53)b 3.87 (0.82) 4.04 (0.51)
8           14.75 (2.51)c 12.96 (2.02)c 1.56 (1.05)ab 6.96 (1.60)b 4.95 (0.90) 5.28 (1.12)
16         17.39 (2.86)c 18.68 (3.82)c 9.15 (1.36)b 7.95 (0.82)b 6.71 (1.77) 5.71 (2.19)
Control
(no inoculum)
F. Pinicola
M. incrassata
 
*Means (±S.E.) followed by the same letter per treatment are not significantly different, 
and may reflect pooled treatment means if there are no significant interactions. No letters 
are given for unprotected ANOVA. 
 
3.4.2.4. Oxalate  In wood decayed by F. pinicola, soluble oxalate levels had 
time/oxalate pre-treatment interactions (p=0.042) (Figure 3.3. top).  Soluble oxalate did 
not change over time in 0 mM wood pre-soaks and significantly decreased at week 16 in 
50 mM wood pre-soaks, resulting in no difference in final soluble oxalate levels. Acid-
extractable oxalate also had time/oxalate pre-treatment interactions (p=0.05).  Acid-
extractable oxalate increased significantly at week 4 for 50 mM treatments, and at week 
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2, 4, and 8 for 0 mM treatments.  Pre-treatment effects were not significant at week 8 or 
16. 
 In wood decayed by M. incrassata, soluble oxalate had time/oxalate pre-treatment 
interactions (p=0.046) (Figure 3.3. bottom).  In 0 mM wood pre-soaks, soluble oxalate 
increased significantly only at week 16.  In 50 mM wood pre-soaks, soluble oxalate 
significantly decreased at week 4, and significantly increased at week 16, with no change 
between week 4 and 8.   
 
Figure 3.3. – Mean soluble and acid-extractable oxalate (±S.E.) according to oxalate 
wood pre-treatment (0 or 50 mM) and time (week 0, 2, 4, 8, or 16) in wood decayed in 
soil-block microcosms by F. pinicola or M. incrassata. 
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Acid-extractable wood oxalate in M. incrassata cultures had time/oxalate pre-
treatment interactions (p=0.029).  In 0 mM wood pre-soaks, oxalate increased 
significantly over time except between weeks 4 and 8.  In 50 mM treatments, oxalate 
increased significantly over time at weeks 8 and 16. Effects of oxalate pre-treatment on 
both soluble and acid-extractable wood oxalate were not significant at week 4. 
Soil oxalate (Table 3.2.) was not dependent on incubation time (p=0.214) or wood 
oxalate pre-treatment (p=0.214) in F. pinicola microcosms and was highly variable.  Soil 
oxalate in M. incrassata treatments was not dependent on wood oxalate treatment 
(0.131), but was significantly dependent on time (p<0.001), increasing significantly at 
week 4. 
3.4.2.5. Oxalate Catabolism  Oxalate reducing activity (Table 3.2.) was not 
affected by oxalate pre-treatment (p=0.109) or time (p=0.220) in wood decayed by F. 
pinicola. Wood decayed by M. incrassata also had no time (p=0.116) or pre-treatment 
effect (p=0.873). 
3.4.2.6. Cation Analysis  Interactions between decay stage (week 0 vs. week 16) 
and oxalate pre-treatment existed with all cations examined.  Decay stage/oxalate 
treatment combinations are compared individually (Table 3.3.).   
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Table 3.3. Week 16 cation analysis of wood pre-treated with 0 or 50 mM oxalate and 
incubated with no inoculum (C), F. pinicola, or M. incrassata.* 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Results are expressed per approximate wood volume. Means (±S.E.) in each analyte 
group followed by the same letter are not significantly different. 
 
 
Sodium levels in time zero wood were higher in 50 mM than in 0 mM treatments, 
and did not change after 16 weeks in non-inoculated control jars.  Both F. pinicola and 
M. incrassata reduced Na levels in 50 mM treatment wood by week 16 of decay.  
Meruliporia incrassata reduced Na significantly more than F. pinicola.   
Wood decayed by F. pinicola accumulated Mg, Al, and Fe above time zero 
concentrations in 0 mM wood pre-soaks, and only Mg in 50 mM pre-soaks. Wood 
decayed by M. incrassata accumulated Ca, Mg, K, Zn, Al, and Fe in 0 and 50 mM pre-
soaks; however, Ca, Mg, Al, and Fe accretion was higher in 50 mM pre-soaks. 
 
3.5. Discussion 
 Pre-treating spruce blocks with sodium oxalate increased wood oxalate and pH. 
Fomitopsis pinicola and Meruliporia incrassata equalized these initial differences in 
agar-block microcosms by week 12 of decay. Oxalate was either accumulated or reduced 
Mn Zn Al Fe
1.12 (0.13)b 0.05 (0.02)a 0.24 (0.15)a 0.05 (0.02)a
0.84 (0.09)a  0.04 (0.00)a 0.18 (0.21)a 0.04 (0.00)a
0.96 (0.12)ab 0.05 (0.01)a 1.53 (1.76)b 0.65 (0.65)ab
0.83 (0.12)a 0.03 (0.00)a 0.12 (0.08)a 0.11 (0.03)a
0.96 (0.15)ab 0.09 (0.01)b 2.95 (0.74)c 1.89 (0.62)b
0.92 (0.12)a 0.09 (0.02)b 6.93 (0.82)d 3.24 (0.80)c
Na Ca Mg K
0.55 (0.05)a 8.35 (0.74)b 1.54 (0.13)a 2.39 (0.26)a
26.00 (2.24)d 8.59 (0.658)b 1.16 (0.13)a 2.10 (0.41)a
1.44 (0.18)a 7.12 (0.91)a 4.43 (1.76)c 4.26 (3.01)b
15.86 (3.41)c 9.15 (0.43)b 2.82 (0.47)b 3.25 (1.07)ab
1.13 (0.13)a 11.10 (0.50)c 6.77 (0.65)d 4.29 (1.06)b
6.48 (1.50)b 12.87 (0.52)d 10.43 (1.19)e 4.31 (0.91)b
Control
Fomitopsis pinicola
Meruliporia incrassata
Control
Fomitopsis pinicola
eruliporia incrassataM
0
50
0
50
0
50
0
50
0
50
0
50
Test Fungus Oxalate  Analyte concentration (µmol cm-3)
(mM)
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in the wood matrix to achieve the final concentration, and translocation into the agar 
medium did not account for wood oxalate decreases. Final oxalate levels in wood 
decayed by both fungi were lower in 10 and 100 mM wood pre-treatments.  These data 
suggest that oxalate was actively regulated by the decay fungi. 
 It is notable that wood and agar oxalate levels were higher in M. incrassata 
cultures. In liquid cultures of these isolates, F. pinicola reliably produces more oxalate 
than M. incrassata (Schilling and Jellison, 2004). This suggests that oxalate regulation 
may be elicited by a wood component not in present liquid media. 
Both isolates characteristically acidified wood during decay, with consistent final 
wood pH regardless of initial pH. The largest fungus-mediated pH decrease occurred in 
100 mM wood pre-soaks, and was accompanied by a decrease in wood oxalate, 
suggesting oxalic acid may not be solely responsible for pH reduction. 
 In sodium oxalate pre-treated blocks used in the soil-block trial, we confirmed a 
concomitant increase in wood Na, in addition to oxalate and pH increases. Uptake 
efficiency in these larger spruce blocks, however, was lower, likely due to the increased 
volume without an increase in transverse face surface area.  Lower initial oxalate levels 
could make fungus-mediated changes less pronounced and could dilute localized patterns 
if oxalate is heterogeneously distributed in the wood. Oxalate treatments in this 
experiment, however, were efficient enough to increase wood oxalate above typical 
physiological concentrations for the test fungi. 
 During soil-block decay, wood weight-loss was predictably higher than in agar-
block microcosms (e.g., Smith et al., 1996). Decay rate in M. incrassata cultures was not 
affected by sodium oxalate pre-treatments; however, F. pinicola had reduced decay in 50 
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mM wood pre-treatments and also had variable decay in wood treated with NaSO4. 
Reduced decay in soil-block jars may be related to stress due to ionic strength or Na+, 
perhaps less inhibitive in higher humidity agar-block microcosms. 
While both fungi reduced wood pH during soil-block decay, neither equalized pH 
early in decay, unlike in agar-block cultures. It is unclear if this discrepancy was caused 
by differences in block volume, wood buffering capacity, or physiological changes in 
fungal pH regulation. 
Acid-extractable wood oxalate patterns also do not demonstrate the tight 
regulation demonstrated in agar-block microcosms, and may reflect greater complexation 
of extracellular oxalate.  Water-soluble oxalate, however, was equalized by both fungi at 
intermediate weight-loss (15-35%) and at similar levels as in agar-block microcosms.  
Fungal regulation of soluble oxalate during brown rot may be more critical than 
regulation of the bound fraction, as bound oxalate may not participate in solubilizing soil-
bound ferric iron necessary to initiate oxidative degradation. Quantifying acid-extractable 
oxalate likely incorporates crystallized calcium oxalate (Connolly and Jellison, 1995) and 
esterified oxalate (Hunt et al., 2004).  
Ergosterol/acid-extractable oxalate correlations were very weak, and soil oxalate 
did not reflect oxalate export from wood into soil. Furthermore, acid-extractable oxalate 
accumulation over time was not additive to initial pre-treatment levels. Combined, these 
data suggest that wood oxalate was metabolized or otherwise reduced during decay, but 
that these patterns were not consistent among microcosms. 
Oxalate decreases in wood decayed in soil-block jars by F. pinicola and M. 
incrassata are not clearly explained by oxalate catabolism activity. This test for catabolic 
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activity could be problematic by not adjusting pH to optimize enzymatic catabolic 
activity and by attempting to measure small oxalate losses after a relatively large oxalate 
addition. If our oxalate and catabolism data accurately reflect wood oxalate dynamics, 
however, an alternative fate for oxalate would be necessary. 
 One alternative sink for excess soluble oxalate, proposed by Bech-Andersen 
(1987), is via crystallization with translocated Ca2+. Our ICP data show an increase in 
wood Ca after decay by M. incrassata; however, cations with similar chemistry such as 
Mg are also accumulated, as seen in other studies (Cromack et al., 1975, Jellison et al., 
1992, Ostrofsky et al., 1997).  In M. incrassata cultures, cation uptake is higher in 50 mM 
pre-soaks in which Na levels decreased significantly over time, suggesting that cation 
translocation countered a Na+ gradient.  In F. pinicola where cation accumulation was 
less pronounced and less treatment-dependent, Na export was lower. In 0 mM pre-soaks 
decayed by F. pinicola, however, cation accumulation was more prevalent, suggesting 
that pH may also play a role in cation accumulation. 
 Overall, we have demonstrated that brown rot fungi can regulate wood oxalate 
and pH during decay, but that regulation may depend on the decay environment. We were 
not able to fully explain the cause of oxalate decreases in wood during decay, primarily 
due to variability in our soil-block decay data. Soil-block trials commonly result in more 
variable wood decay and higher threshold values than agar-block trials when testing 
wood preservatives (Cockroft, 1974, Wazny and Cookson, 1994, Jamsa and Viitaniemi, 
1998), particularly those targeting oxidative decay mechanisms (Backa et al., 1992, 
Green III and Schultz, 2003), and soil type has been shown to affect preservative efficacy 
(Machek et al., 2004). By affecting oxalate regulation, soil characteristics may affect 
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brown rot oxidative decay, and could also alter forest floor processes influenced by wood 
oxalate levels, such as base cation accumulation. Our current work is focusing on soil 
matrix characteristics, particularly soil metals, that may affect oxalate regulation and 
decay efficacy during brown rot wood degradation. 
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Chapter 4 
METAL ACCUMULATION WITHOUT ENHANCED OXALATE SECRETION 
IN WOOD DEGRADED BY BROWN ROT FUNGI 
 
4.1. Chapter Abstract 
Oxalic acid secretion by brown rot fungi grown in agar media can be induced by metals, 
and oxalate complexation may confer metal tolerance. These fungi, however, often 
exhibit different oxalate production patterns in wood than in artificial media. To test 
metal effects in situ during brown rot, we provided Fomitopsis pinicola and 
Gloeophyllum trabeum with metallic and hydroxide forms of aluminum, copper, and iron 
in agar-block microcosms. After 10 weeks, ICP-OES analysis of decayed spruce 
confirmed that test fungi leached and translocated metal ions from treatment sources into 
decaying wood, with the exception that G. trabeum did not utilize hydroxide forms. 
Despite significant metal enrichment in test blocks, metals did not enhance decay rate, 
fungal biomass, or wood oxalate, compared to positive controls. Only metallic iron in 
direct wood contact promoted decay, suggesting electrolytic corrosion. Agar oxalate 
patterns, conversely, were different than in wood and were significantly influenced by 
metals. Electron microscopy verified that calcium oxalate crystals in degraded wood were 
not metal-enriched and no copper oxalate was observed. We also quantified base calcium 
flux in wood as a potential link between oxalate induction and the capacity of wood as a 
cation sink. However, wood Ca levels generally decreased against cation and oxalate 
gradients, suggesting active transport and regulation by fungi. This regulation differential 
between inside and outside the wood matrix has implications both on the mechanisms of 
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fungal metal-tolerance in wood and on the role of brown rot fungi in linking above- and 
belowground forest processes. 
Brown rot wood-degrading fungi were grown in agar-block microcosms 
containing metallic and oxide Fe, Al, and Cu treatments. Fungal oxalate secretion in agar 
was variably enhanced. Wood oxalate levels, however, were uniform despite significant 
treatment-dependent metal enrichment, suggesting oxalate-based metal tolerance may be 
incidental to normal physiological levels of oxalate produced by brown rot fungi in wood.  
 
4.2. Introduction 
Wood-degrading fungi contribute to in-service timber decay, tree disease, and 
forest biogeochemical cycling. These fungi are classified as white or brown rot according 
to their decay capacities. While white rot fungi enzymatically metabolize lignin, brown 
rot fungi metabolize primarily holocellulose, leaving unique phenol-rich lignin residues 
after decay (Enoki et al., 1988, Filley et al., 2002). Initial brown rot decay is theorized to 
be non-enzymatic, oxidative, and iron-dependent (Goodell et al., 1997). Brown rot fungi 
are problematic in wood in service because they 1) substantially reduce wood tensile 
strength before decay is visible (Winandy and Morrell, 1993) and 2) often crystallize and 
detoxify copper from wood preservatives (e.g., Hastrup et al., 2005). In forest 
ecosystems, however, these fungi create wildlife habitat (Aubry and Raley, 2002), 
redistribute soil nutrients (Boddy, 1999), and can enrich wood with base cations such as 
Ca2+ during decay (Ostrofsky et al., 1997). Long-term Ca2+ storage may be a valuable 
function for decaying coarse woody debris (CWD) in soils prone to Ca2+ depletion. 
Oxalate, a universal metabolite during fungal wood decay, may directly link decay 
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mechanism with ecological function by both 1) mobilizing soil-bound Fe3+ and 2) 
immobilizing Cu2+ and Ca2+ as insoluble oxalate crystals in decaying wood. 
Brown rot fungi typically accumulate oxalate at higher levels than do white rot 
fungi (Takao, 1965), a characteristic attributed to a lack of production of the oxalate-
catabolizing enzyme oxalate decarboxylase (Shimazono, 1955). A mechanistic role for 
oxalate during brown rot, however, has not been definitively established. Oxalate has 
been postulated to mobilize Fe3+ from soil hydroxides and to supply Fe3+ for Fenton-
based holocellulose depolymerization (Goodell et al., 1997, Varela and Tien, 2003). 
Oxalic acid secretion also reduces extracellular pH (Green et al., 1991), a prerequisite for 
oxidative decay in most brown rot models (Goodell et al., 1997, Hyde and Wood, 1997, 
Kerem et al., 1998). The pathway for brown rot oxalate biosynthesis was recently 
described, and a strong positive correlation between glucose metabolism and oxalate 
accretion was demonstrated in liquid cultures (Munir et al., 2001). Oxalate may therefore 
be an efficient metabolic by-product in high carbon:nitrogen wood, but with 
physiological benefits. 
Oxalate is not passively accumulated, however, by all brown rot fungi. 
Gloeophyllum trabeum cultures, for instance, have characteristically low oxalate levels 
(Shimada et al., 1997, Jensen et al., 2001), and trials using C14-labeled oxalate have 
confirmed that this species metabolizes oxalate (Espejo and Agosin, 1991). Oxalate 
decarboxylase has been also been purified from cultures of the brown rot fungus Postia 
placenta (Micales, 1995b), and oxalate optimization has been demonstrated among 
several brown rot species decaying wood with a wide range of initial oxalate 
concentrations (Schilling and Jellison, 2005). Regulating excess oxalate in the wood 
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matrix may by advantageous during brown rot because oxalate:Fe3+ ratios exceeding 1:1 
inhibit iron-reduction by chelators such as 2,5 dimethoxyhydroquinone (2,5 DMHQ), and 
could impede oxidative depolymerization (Varela and Tien, 2003). Conversely, when 
Fe3+ is in excess, oxalate secretion may protect hyphae from Fenton-based radical 
formation (Hyde and Wood, 1997, Jensen et al., 2001, Hammel et al., 2002). Wood 
oxalate regulation by brown rot fungi may therefore reflect a balance between Fe3+ 
mobilization and reduction.  
Brown rot fungi may also produce oxalate in response to metal ions other than 
Fe3+, including Cu2+ and Al3+. Brown rot fungi are theorized to secrete oxalate in 
response to Cu2+, forming crystalline copper oxalate (Ksp 4.43 x 10-10) and conferring 
tolerance to copper-based wood preservatives (Collett, 1992, Clausen et al., 2000, Green 
and Clausen, 2001). Aluminum ions, leached along with Fe3+ from soil minerals (Strasser 
et al., 1994), may also induce oxalate secretion to protect hyphae via chelation, as 
proposed for Fe3+ (Hyde and Wood, 1997, Jensen et al., 2001, Hammel et al., 2002) and 
as observed in Al-tolerant mycorrhizal associations (Kochian, 1995, Pellet et al., 1995, 
Ma et al., 1998, Zheng et al., 1998, Cumming and Ning, 2003). By promoting decay, 
inducing fungal oxalate secretion, or reducing oxalate solubility in wood, these metals 
could influence in-service wood decay and alter the capacity of coarse woody debris 
(CWD) to act as a sink for soil-derived Ca2+.  
Among brown rot fungi, however, oxalate induction studies have primarily tested 
metal-treated wood (Murphy and Levy, 1983, Clausen and Green, 2003, Green and 
Clausen, 2003) or fungal response to metals in agar or liquid culture medium (Schmidt 
and Moreth, 1996, Woodward and DeGroot, 1999). Brown rot fungi regulate oxalate 
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differently in wood than in culture media (Schilling and Jellison, 2005), and it is unclear 
if metal tolerance in treated wood is incidental in fungi with high oxalate production or 
due to oxalate over-excretion. Because fungi often solubilize and transport metal ions 
from metallic and soil-bound metals (Burgstaller and Schinner, 1993, Gadd and Sayer, 
2000, Burford et al., 2003), fungus-mediated metal translocation into decaying wood 
(Ostrofsky et al., 1997) offers the potential to test metal-oxalate dynamics in situ during 
brown rot.  
With this wood-based agar-block experiment, we test our hypotheses that 1) 
brown rot fungi translocate metals (Al, Cu, Fe) from metallic and soil-relevant sources 
into wood, 2) translocated Fe3+ stimulates decay and oxalate accumulation, 3) Cu2+ and 
Al3+ also induce oxalate production and alter decay efficiency, and 4) induction of 
oxalate, particularly by metal compounds common in soil, consequently enhances the 
import of base cations (Ca, Mg) into decaying wood.  
 
4.3. Materials and Methods  
4.3.1. Isolate Culturing 
Two brown rot species, Gloeophyllum trabeum (Pers.:Fr) Murr. (isolate ATCC 
11539) and Fomitopsis pinicola (Sw.:Fr) P. Karst. (isolate FP-105877R) were selected 
for this trial. Gloeophyllum trabeum is a fungus used widely to model iron-based brown 
rot mechanisms and its oxalate production in liquid culture is very low. Fomitopsis 
pinicola produces substantial amounts of oxalate in culture and is common in northern 
coniferous forests (Farr et al., 1989). Fungi were maintained on 2% (w/v) malt extract 
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with 2% Bacto agar (Difco, Detroit, MI). Agar squares (1 cm2) from the mycelial margin 
of two-week-old cultures were used to inoculate microcosms.  
4.3.2. Microcosm Conditions 
Inoculum was placed directly on the agar (20 mL) at the edge of agar microcosm 
plates. At the opposite end, two pre-weighed autoclaved spruce heartwood blocks 
(tangential 25 x 25 x 7 mm) were placed on two parallel birch feeder strips to avoid water 
uptake. Wood blocks were cut from the same original board, and were oven-dried at 95oC 
for 48 hours and weighed to determine dry weight. One wide birch feeder strip was 
placed between inoculum and spruce blocks. On this feeder, metallic iron chips (99.98%), 
copper wire (99.9%), aluminum shot (99%) (Sigma) or a hydroxide form of Fe or Al was 
placed as a metal treatment. Ferric hydroxide was produced in our lab by adding 1 M 
sodium hydroxide (Sigma) to 1 M ferric chloride (Sigma) to reach a final pH of 7, 
running 3 distilled water rinse/centrifuge cycles with the Fe(OH)3 precipitate, and drying 
at 40 oC for 48 hrs. This precipitate was added on feeder strips as a solid, similar to 
metallic treatments. Aluminum hydroxide (Al(OH)3) (Sigma) was solidified in low-
nutrient Type A agar (Sigma) at 100 mM concentration, and 1 x 2 cm agar portions 
(S.A.) were added on feeders as an Al(OH)3  treatment. Copper wire (0.5 mm O.D.) was 
cut into 10 cm lengths and bent to fit on feeder strips. 
The positive control treatment contained no metal additions. The negative 
controls containing each metal included no fungal inoculum. A separate set of 20 mL 
‘agar-only’ microcosms were included with each treatment metal placed on glass cover 
slips, plus positive and negative controls, but without spruce blocks or feeder strips. All 
treatments were in replicate (n=5), each agar plate was individually parafilmed, and these 
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microcosms were kept at room temperature in the dark until harvest. Four weeks into the 
trial, additional microcosms with and without iron chips were set-up similarly to the 
method described above (n=4), with iron chips in direct contact with the side of the test 
block to test for electrolytic corrosion as affected by fungal mycelium.  
4.3.3. Harvest Procedure 
Microcosm treatments were harvested at week 10 during rapidly progressing 
decay in order to better evaluate potential treatment effects on decay rate. In agar-wood 
treatments, one of two wood blocks was removed, cleaned of surface hyphae, dried at 
95oC, and weighed to quantify density and weight-loss. The dried block was milled in a 
Wiley Mill through a 20-mesh filter, and wood flour was used for pH, organic acid, and 
cation analyses. The second block was removed, thoroughly cleaned of surface hyphae, 
and a small portion was extracted and rapidly dehydrated through an ethanol series for 
SEM. The rest of this block was milled without drying. Exactly 0.4 g of flour was stored 
immediately in 5 mL of MeOH at 4oC as per Newell et al. (1988) for subsequent 
ergosterol analysis. Agars were stored at -70oC for organic acid analysis.  
Positive and negative controls were also harvested following this procedure. Agar 
microcosms with no wood were placed at -70oC for subsequent organic acid analysis. 
4.3.4. Oxalate and pH 
Wood flour and deionized water in a 1:20 ratio (w/v) were equilibrated as a 
mixture for 2 hours for pH measurement. From this extraction, 2 mL was removed and 
filtered to 0.22 µm into autosampler tubes for immediate soluble oxalate analysis. 
Remaining extract was acidified with HCl to 0.2 N and buffered after 24 hours with pH 
1.35 phosphate buffer. The final pH was adjusted to 1.35 with 1 N NaOH and filtered as 
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above. This fraction represents acid-extractable oxalate, presumably including crystalline 
calcium oxalate and wood esterified oxalate (Hunt et al. 2004). 
 Agar was added to deionized water in 1:1 ratio (v/v) and equilibrated for 1 hour. 
This mixture allowed pH measurement, and soluble/ acid-extractable extracts as above 
for wood flour. Agar-only microcosms were acid-extracted without soluble analysis, for 
comparison to wood-containing microcosm oxalate dynamics. 
 All filtered extracts were analyzed via high-performance liquid chromatography 
(HPLC). Oxalate separations were at 30oC on an Aminex HPX-87H (Bio-Rad, 
Richmond, CA) ion-exchange column (9μm, 300 x 7.8mm I.D.) with 25 mM H2SO4 and 
10 mM Na2SO4 as the mobile phase, as described in Schilling and Jellison (2005). 
Injection volume was 20 µL in all cases, with the exception of F. pinicola agars, which 
had higher oxalate concentrations and required 10 µL injections. Oxalate peak purity was 
verified by peak loss after incubation with oxalate oxidase. 
4.3.5. Ergosterol 
For ergosterol, a measure of fungal biomass, wood flour stored in MeOH was 
extracted similarly to Tank and Webster (1998). Samples were refluxed, saponified with 
4% KOH in ethanol, refluxed again and centrifuged twice with one MeOH wash. To 
combined supernatant, 1 mL deionized water and 2 mL pentane were added and mixed. 
After 15 minutes, the pentane layer was removed and evaporated overnight. Precipitate 
was dissolved in 2 mL MeOH, filtered through PTFE to 0.2 µm, and analyzed 
immediately. 
Ergosterol was measured via HPLC on a Synergi Hydro-RP (Phenomenex, 
Torrance, CA) reverse-phase column (5μm, 250 x 4.6mm I.D.), following Schilling and 
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Jellison (2005). Column temperature was modified to 35oC. All sample injection volumes 
were 20 µL. Ergosterol was verified against 7-dehydrocholesterol. Biomass conversions 
were not used due to documented inaccuracies (Charcosset and Chauvet, 2001), and we 
report ergosterol concentration per wood fresh weight (µg/g) without volume adjusting 
for mass loss. 
4.3.6. Wood Cations 
Dried wood flours were dry ashed at 550oC, dissolved in dilute HCl, and analyzed 
using inductively-coupled plasma optical emission spectroscopy (ICP-OES). In addition 
to aluminum (Al), copper (Cu), and iron (Fe) in wood, we also measured the base cations 
calcium (Ca). Procedures were as reported earlier (Schilling and Jellison, 2005). 
4.3.7. Electron Microscopy 
Fresh wood samples were prepared for scanning electron microscopy (SEM) by 
primary fixation in glutaraldehyde, secondary fixation in osmium tetroxide, and 
dehydration through an ethanol series into 100% EtOH. Before drying, specimens were 
flash frozen in liquid nitrogen and freeze fractured to reveal a clean internal face. 
Samples were critical point dried, sputter coated to 300 nm with gold on specimen stubs, 
and imaged with a Cameca SX 100 microprobe. Digital secondary electron (SE) images 
were collected from a 25 kV, 150 pA beam at 25 seconds per frame. X-ray spectra, 
including data for Al, Cu, Fe, Ca, and Mg in oxalate crystals, hyphae, and wood were 
collected using a Rontec X-flash energy dispersive spectrometry (EDS) detector capable 
of qualitative elemental analysis (Na to U) and levels greater than 0.1 Wt.%. Bipyramid 
crystals were probed at center on the largest exposed face for 100 s.  
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4.3.8. Statistics 
T-tests were used to compare positive to negative control data, and to compare 
data from the microcosm trial with or without iron-wood contact. Two-way ANOVA 
with protected post-hoc Tukeys means comparisons was used to test significance among 
groupings, including positive controls. In cases of significant interactions, one-way 
ANOVA with Bonferroni-adjusted means comparisons (significance level / number of 
comparisons = 0.05 / 2 = 0.025) were used to test treatment effects within each species. 
To achieve normality, percentage and ratio data were log transformed and pH data were 
converted to [H+] prior to analysis. Treatment interactions were tested for importance 
after transformation. Significance level was 0.05 in all cases.  
 
4.4. Results 
4.4.1. Visual Observations 
During harvest, hyphae were observed growing over metal treatments, with 
noticeable melanization when in contact with metallic forms of the treatment metals. 
Colored exudates were common on the mycelial surface, suggesting the presence of 
oxidized metal (e.g., green droplets in copper treatments). Additionally, wood in metallic 
iron treatments was significantly darkened in G. trabeum cultures, and moderately 
darkened in F. pinicola cultures, likely due to the presence of oxidized iron.  
4.4.2. Wood Weight Loss 
Spruce blocks at week 10 of decay were moderately decayed by both fungi. 
Negative controls (no fungus) with and without metals were not significantly different 
(p=0.788) and only negative control data without metals is shown (Table 4.1.). T-tests 
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demonstrate significant weight-loss in positive vs. negative controls for both fungi. Two-
way ANOVA for weight-loss was significant only for species grouping (p<0.001) with 
no metal treatment effect (p=0.469), even in iron-stained wood. Average weight-loss in 
Fomitopsis pinicola microcosms was 25.1% and for Gloeophyllum trabeum was 12.4%.  
However, weight-loss was significantly enhanced over positive controls (no 
metals) at week 6 when metallic iron chips were in direct contact with wood decayed by 
F. pinicola (p<0.001) and G. trabeum (p<0.001) (Table 4.1.). It is difficult to detect 
differences between fungus-mediated brown rot decay and electrolytic corrosion because 
both may be oxidative; however, iron-promoted decay did not occur in our main trial at 
week 10, when iron was not in contact with the wood being degraded. 
Table 4.1. - Means and 95% confidence interval (C.I.) for fungal biomass (ergosterol), 
wood pH, and weight loss during brown rot decay in agar-block microcosms.* 
 
 
 
 
 
 
 
 
 
Fungus Week Treatment Wood Ergosterol Wood pH Wood
(μg/g) (upper C.I.)         % Weight-loss
Fomitopsis 10 -Control (no fungus) 0.00 (0.00) 4.38 (0.04)            0.45 (0.05)
pinicola
+Control (no metal) ψ 7.57 (1.21)a ψ 2.94 (0.06)a ψ 27.25 (5.66)
Metallic Al (Al0) 9.35 (0.99)ab 3.16 (0.13)a 23.48 (4.95)
Al2O3 10.17 (1.36)b 3.06 (0.16)a 32.21 (2.93)
Metallic Cu (Cu0) 8.00 (0.75)ab 2.99 (0.11)a 20.77 (5.45)
Metallic Fe (Fe0) 9.41 (1.37)ab 2.80 (0.07)b 20.37 (5.96)
Fe(OH)3 8.74 (0.63)ab 3.03 (0.11)a 26.63 (3.08)
6 Iron chip (wood contact) - - ψ 30.13 (9.28)
+Control (no iron) - - 12.84 (2.72)
Gloeophyllum 10 -Control (no fungus) 0.00 (0.00)                   4.38 (0.04)             0.45 (0.05)
trabeum
+Control (no metal) ψ 19.52 (8.99)              ψ 3.47 (0.08)a ψ 10.59 (1.18)
Metallic Al (Al0) 24.36 (10.30)               3.43 (0.06)a 13.02 (3.11)
Al2O3 21.92 (9.52) 3.48 (0.10)a 12.71 (4.36)
Metallic Cu (Cu0) 31.91 (11.37)               3.50 (0.11)a 12.07 (5.22)
Metallic Fe (Fe0) 24.79 (12.08)               3.23 (0.09)b 16.21 (2.50)
Fe(OH)3 21.69 (3.50) 3.38 (0.05)ab 9.52 (1.83)
6 Iron chip (wood contact) - - ψ 22.37 (7.44)
+Control (no iron) - - 10.47 (2.85)
 
*For each species, values in a column (except week 6 data) followed by the same letter 
are not significantly different per protected Tukey tests. ψ Significantly different than 
respective control value in t-test. 
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 4.4.3. Wood pH 
Wood pH during decay by both fungi was significantly reduced versus non-
inoculated negative controls (p<0.001 for both), a characteristic of fungal wood 
degradation (Table 4.1.). There was a significant interaction between species and metal 
treatment (p<0.001). Tukeys tests among species data generally revealed significantly 
lower pH in wood degraded by F. pinicola than G. trabeum, and lower wood pH in 
metallic iron (Fe0) treatments than all other treatments within each species. Significance 
of interaction among variables was due to higher wood pH in metallic aluminum (Al0) 
treatment for F. pinicola and lower pH in Fe(OH)3 treatment for G. trabeum. 
 4.4.4. Wood Ergosterol 
Ergosterol analysis, indicative of fungal biomass, revealed no significant 
treatment effects (p=0.657) or interaction effects (p=0.619) in wood (Table 4.1.). Fungal 
species effect was significant (p<0.001) with ergosterol levels higher in wood decayed by 
G. trabeum, despite significantly lower weight-loss. Average ergosterol content in wood 
was 8.87 µg/g in wood decayed by F. pinicola and 24.03 µg/g in wood decayed by G. 
trabeum. Variability (%CV) was notably higher in G. trabeum cultures. 
 4.4.5. ICP-OES 
4.4.5.1. Al, Cu, Fe  For both fungi, wood Al, Cu, or Fe enrichment in positive and 
negative controls were not significantly different without metal treatments (Table 4.2.). 
Wood Al interaction effect was significant (p<0.001). Wood Al was higher in Al0 
treatments than in positive controls for both fungi. Aluminum hydroxide (Al(OH)3) also 
resulted in higher wood [Al] for F. pinicola, but not G. trabeum. Similarly, the pattern for 
wood Fe revealed significant interaction (p<0.001), with higher levels for both fungi in 
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Fe0 treatments, but only for F. pinicola with iron hydroxide (Fe(OH)3). In metallic 
treatments, significantly more Al was transported into wood by F. pinicola than by G. 
trabeum, while G.trabeum transported more Fe into wood than did F. pinicola. Wood 
[Cu] was significantly enriched in metallic copper (Cu0) treatments (p<0.001) at low 
levels, and levels were independent of species (p=0.763) with no interaction (p=0.933).  
 4.4.5.2. Ca  Calcium in wood was significantly dependent on fungal species and 
treatment (Table 4.2.). Positive controls revealed a net loss of Ca in wood decayed by 
both species. Wood [Ca] was significantly dependent on fungal species (p=0.01), with no 
metal treatment (p=0.322) or metal/species interaction (p=0.644) effects. Average [Ca] in 
wood degraded by F. pinicola expressed per wood volume was 2.83 µmol/cm3 and was 
3.30 µmol cm3 in wood degraded by G. trabeum.  
 
Table 4.2. – Mean cation content (±C.I.) in spruce blocks decayed 10 weeks by brown rot 
fungi in agar-wood microcosms containing metal treatments. Data adjusted for wood 
mass loss as cations per wood volume (μmol cm-3).* 
 
 
 
 
 
 
 
Species Treatment Ca Al Cu Fe
-Control (no fungus) 4.77 (0.25) <DL        <DL 0.10 (0.04)
Fomitopsis +Control (no metal)  2.84 (0.30) 0.04 (0.05)a 0.01 (0.00)a 0.09 (0.02)a
pinicola Metallic Al (Al0) 3.09 (1.29)  1.09 (0.20)c 0.01 (0.00)a 0.09 (0.01)a
Al(OH)3 2.36 (0.07) 0.32 (0.21)b 0.01 (0.00)a 0.06 (0.01)a
Metallic Cu (Cu0) 3.16 (0.91)   0.04 (0.07)a 0.06 (0.04)b 0.07 (0.01)a
Metallic Fe (Fe0) 2.71 (0.61) <DL        0.01 (0.00)a 0.31 (0.08)b
Fe(OH)3 2.84 (0.41) 0.06 (0.05)a <DL 0.43 (0.11)b
Gloeophyllum +Control (no metal)  3.37 (0.43) 0.03 (0.06)a <DL  0.18 (0.14)a
trabeum Metallic Al (Al0) 3.07 (0.37) 0.37 (0.20)b <DL 0.17 (0.11)a 
Al(OH)3 3.04 (0.49) 0.10 (0.15)a 0.01 (0.00)a 0.07 (0.01)a
Metallic Cu (Cu0) 3.38 (3.10) 0.04 (0.05)a 0.07 (0.03)b 0.11 (0.03)a
Metallic Fe (Fe0) 3.11 (0.31) <DL         <DL 1.19 (0.38)b
Fe(OH)3 3.81 (0.54)   0.03 (0.05)a 0.01 (0.01)a 0.20 (0.03)a
 
*For each species, column means followed by the same letter are not significantly 
different. Letters are shown only when treatment effects occur. Below detection limit 
(<DL). 
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 4.4.6. Wood Oxalate 
Soluble and acid-extractable oxalate patterns were significantly different in wood 
than those observed in agar and were not affected by metal enrichment (Figure 4.1. A and 
D wood, B and E agar). Soluble oxalate levels were low, with no treatment effect 
(p=0.640) nor interaction (0.770). Soluble oxalate was significantly different between the 
species (p<0.001) with average levels in wood degraded by F. pinicola (4.55 µmol cm3) 
less than in wood degraded by G. trabeum (11.12 µmol cm3). Acid-extractable oxalate 
was significantly lower in F. pinicola cultures (p<0.001) with an average of 41.23 µmol 
cm3 versus 57.09 µmol cm3 in G. trabeum cultures. There was no treatment effect 
(p=0.171) or interaction between groupings (0.621). 
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Figure 4.1. - Oxalate at week 10 in microcosms with Fomitopsis pinicola (A-C) or 
Gloeophyllum trabeum (D-F). Oxalate in agar-wood microcosms with spruce blocks is 
from wood (A and D) and agar components (B and E), and oxalate (acid-extractable 
only) from agar-only microcosms is from agar (C and F). Wood oxalate data adjusted for 
mass loss to reflect wood volume (μmol cm-3). In each graph, bars with the same fill 
pattern and same letter are not significantly different. Letters included only when 
treatment effects occur. Note the scale differences in the y-axes (B vs. C, E vs. F).  
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4.4.7. Agar oxalate 
4.4.7.1. Agar-wood Microcosms  Oxalate levels in the agar of wood-containing 
microcosms was significantly dependent on species (p<0.001) and on treatment 
(p<0.001) (Figure 4.1. B and E). Agar from cultures of F. pinicola contained significantly 
more oxalate than G. trabeum (p<0.001). Average acid-extractable oxalate for F. pinicola 
was 11.37 mM (average soluble was 8.34 mM) and was 0.07 mM for G. trabeum with no 
detectable soluble oxalate. This represents a difference of over two orders of magnitude 
between the fungi in agar, as opposed to in wood where G. trabeum-associated oxalate 
concentrations were higher than those associated with F. pinicola colonization. Treatment 
effects were not significant in G. trabeum agars, while F. pinicola oxalate was higher in 
treatments containing Al and Fe hydroxide forms.  
4.4.7.2. Agar-only Microcosms  In microcosms without wood, agar oxalate was 
significantly lower in cultures of G. trabeum than for F. pinicola, with interaction effects 
(p=0.039) (Figure 4.1. C and F). Agar oxalate averaged 6.33 mM in F. pinicola cultures 
and 1.59 mM in G. trabeum cultures, representing a species effect. Presence of metallic 
Al resulted in slightly enhanced oxalate in G. trabeum cultures, while Fe0 and Al(OH)3 
enhanced agar oxalate levels for both fungi.   
4.4.8. SEM-EDS 
Scanning electron microscopy revealed abundant bipyramidal crystals associated with F. 
pinicola hyphae, while no crystals were observed in any treatment associated with G. 
trabeum (Figure 4.2.). Repeated electron microprobe analysis of Fomitopsis-associated 
crystals revealed Ca peaks, expected for calcium oxalate, while hyphae and wood alone 
did not. Although crystals were observed in all treatments for F. pinicola, no associated 
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peaks for Al, Cu, or Fe were observed in any crystals or in associated hyphae. 
Microanalysis of G. trabeum hyphae also showed no metal increase versus controls with 
fungus and without metals (data not shown), and these hyphae were commonly observed 
traveling through the wood cell wall via bordered pits. 
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Figure 4.2. Scanning electron micrographs of a) calcium oxalate bipyramid crystals  
associated with F. pinicola hyphae in Fe0 treatment, b) F. pinicola hypha (H) growing in 
positive control treatment wood within wood cell lumen (L) with associated oxalate 
crystals, and c) G. trabeum growing through bordered pit in positive control treatment 
wood. Electron microprobe (EDS) data associated with micrograph directly to left taken 
from a) crystals, b) hypha, and c) wood cell wall. Bars represent 10 μm. 
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4.5. Discussion 
 In agar-wood microcosms containing metallic Al, Fe, and Cu, both Fomitopsis 
pinicola and Gloeophyllum trabeum solubilized and translocated metal ions into the 
wood blocks during decay, enriching wood metal levels. Metals in more soil-relevant 
hydroxide forms were also translocated significantly, but only by F. pinicola. This is an 
interesting difference between F. pinicola, which typically degrades standing and downed 
timber, and G. trabeum, which typically degrades in-service wood or slash (Farr et al., 
1989). Decay was less advanced in G. trabeum-degraded wood than for F. pinicola at 
week 10, however, and ergosterol was more variable for G. trabeum, perhaps due to the 
earlier decay stage. When microcosms from two species are at different decay stages, 
interspecies comparisons may include age-related variability.   
Fungal biomass and wood weight loss were neither enhanced nor reduced by 
metal enrichment. Only iron chips in direct wood contact promoted wood weight loss, 
which may be indicative of electrolytic corrosion (Baker, 1974). Previous studies have 
shown metallic iron to promote brown rot (Morris, 1992), and corrosion may be at least 
partially responsible. In a previous study demonstrating an effect of iron salts on brown 
rot, low and high [Fe3+] promoted decay equally (Paajanen, 1993), suggesting wood iron 
could also be limiting in some wood substrates. Our spruce blocks may not have 
presented iron-limitation to test fungi, and brown rot fungi may facultatively depend on 
external Fe3+ during wood decay.   
  Because metals were not accumulated in non-inoculated control wood, metal 
transport was likely either within or along the fungal mycelium. SEM-EDS of hyphae did 
not reveal treatment metals, but the small contributing volume from the electron beam 
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likely allows microanalysis primarily of surface chemistry, including the dehydrated 
mucilaginous sheath. It is clear in our work that accumulated Al, Cu, and Fe were not 
associated with oxalate crystals. Only pure calcium oxalate crystals were observed, and 
only in F. pinicola cultures.  
The absence of oxalate crystals in G. trabeum-decayed wood, despite high acid-
extractable oxalate, may be explained by oxalate esterification with wood fibers mediated 
by the decay fungus (Hunt et al., 2004). A combination of esterification, calcium oxalate 
formation, and complexation with other ions in wood is also likely responsible for lower 
overall soluble:acid extractable oxalate in wood versus agar. Interestingly, in the absence 
of calcium oxalate, G. trabeum hyphae were frequently observed growing through 
bordered pits, while F. pinicola was not. This suggests that oxalate chelation of Ca2+ 
from intercellular pits may not be a prerequisite for G. trabeum wood decay, as theorized 
for other brown rot fungi (Green et al., 1995), or that degradation of crystals had occurred 
after initial penetration of the pit membrane.  
 The most striking of our results was the lack of induction of oxalic acid 
production inside the wood matrix, despite significant enrichment of metals in wood. 
Conversely, metals presumably leached into the agar medium stimulated oxalate 
accumulation in several treatments. While F.  pinicola produced on average over 100 
times more oxalate than G. trabeum in agar, G. trabeum oxalate production in the wood 
matrix was higher than F. pinicola. Although the species effect is less pronounced in 
wood, it is opposite that in agar, and this difference between agar and wood demonstrates 
clearly that oxalic acid production in culture filtrate may not accurately reflect fungal 
oxalate production tendencies in wood. The role of oxalate may be different within versus 
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outside the wood matrix. Oxalate patterns we observed among agar-wood and agar-only 
microcosms further suggest that wood may influence fungal secretion of oxalate into soil. 
These discrepancies may be important when considering the soil-wood ecotone on the 
forest floor, where wood decay fungi link above- and belowground processes. 
Copper also did not stimulate oxalate production in our microcosms, and no 
copper oxalate was observed via SEM-EDS. It is possible that although wood was 
significantly enriched in fungus-translocated copper, Cu0 was not leached sufficiently to 
stimulate or bind oxalate significantly. Fomitopsis spp. are known to be copper tolerant, a 
characteristic often correlated with high oxalate production (Hastrup et al., 2005). 
Gloeophyllum trabeum, accumulating little oxalate in culture filtrate, is considered 
copper intolerant (Green and Clausen, 2003). We note that while oxalate production in 
agar was nearly absent in cultures of copper-intolerant G. trabeum, wood oxalate levels 
were higher than in wood decayed by F. pinicola.  
 Metal enrichment also did not affect base cation translocation into wood, as we 
hypothesized. Interestingly, despite initial agar Ca2+ concentrations at 2 mM, well above 
typical basal salts Ca2+ levels (Highley, 1973) and higher per volume than in our spruce 
blocks, wood Ca concentration decreased during decay by both species. Magnesium also 
decreased in wood decayed by F. pinicola, while remaining stable in wood decayed by G. 
trabeum. Because absolute amounts of Ca were higher in agar than wood, while oxalate 
was higher in wood than agar, G. trabeum theoretically would have accumulated Ca if 
diffusion and oxalate crystallization with Ca were solely responsible for translocation. 
Although counter transport of cations to stabilize metal enrichment is plausible, positive 
controls also demonstrated wood Ca loss. This is despite significant calcium oxalate 
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formation in F. pinicola, which theoretically reduces the soluble, diffusible Ca2+ pool. 
Binding dynamics between agar and wood matrices may alter diffusion, or more likely, 
test fungi actively regulated the transport of these ecologically important cations.  
This work demonstrates a capacity for brown rot fungi to enrich wood with metals 
without altering oxalic acid production. This suggests that tolerance to these metals may 
be incidental to oxalate production or via other mechanisms (e.g., intracellular 
sequestration) inside the wood matrix. Although further work is needed to determine 
spatially-discrete Fe-oxalate dynamics, particularly in wood with low iron, our work also 
suggests oxalate may not function to protect hyphae by chelating excess Fe3+ during 
Fenton-based brown rot and reducing Fe autooxidation. Because white rot fungi can also 
accumulate oxalate significantly in wood, there may instead be a shared function for 
oxalate unrelated to iron, such as Mn-peroxidase stimulation (Kuan and Tien, 1993). 
Notably, our work demonstrates differential oxalate regulation between artificial media 
and wood, which emphasizes the benefit of in situ trials when exploring these fungus-
mediated wood oxalate patterns in the future.  
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Chapter 5 
CALCIUM EFFECTS ON DECAY AND OXALATE IN WOOD DEGRADED BY 
DRY ROT FUNGI AND OTHER WOOD-INHABITING FUNGI 
 
5.1. Chapter Abstract 
Dry rot fungi are a unique group of brown rot fungi, capable of decaying wood at a 
distance from soil and moisture sources. In addition to efficient water transport, these 
fungi are theorized to utilize calcium (Ca) from building materials to promote decay. In 
this work, several wood-degrading fungi, including two dry rot species, were cultured for 
10 weeks in agar-block microcosms containing low-Ca spruce heartwood and a Ca 
treatment. Calcium treatments were gypsum blocks fabricated from >99% pure CaSO4, or 
either 0 or 2 mM CaCl2 in the agar matrix (low-Ca Type A agar). Scanning microscopy 
with microanalysis confirmed hyphal contact with gyp-board and verified Ca oxalate 
crystal formation. Wood cation analysis revealed net Ca enrichment for test species in 
gyp-board treatments, while Ca export was observed in other treatments. Despite apparent 
Ca import in gypsum treatments, wood weight loss and pH were not significantly 
different than controls. Oxalate accumulation in wood was also equal among treatments, 
although agar oxalate was affected by gypsum in some cases. This work suggests that Ca 
enrichment may not promote decay or affect oxalate in the wood matrix during dry rot; 
however, this dynamic should be tested as a function of other cations and in incipient 
decay stages. 
 
 
 77
5.2. Introduction 
Brown rot wood-degrading fungi demethylate lignin and initiate holocellulose 
degradation at a distance from hyphae via Fe-dependent oxidative chemistry (Goodell et 
al., 1997, Filley et al., 2002). Unlike white rot fungi, which selectively metabolize lignin 
or degrade lignocellulose components progressively, brown rot fungi depolymerize 
holocellulose throughout the cell wall (Eriksson et al., 1990). Widespread reduction in 
degree of polymerization causes wood to lose strength quickly (Winandy and Morrell, 
1993) and makes brown rot problematic in load-bearing structural lumber. 
Dry rot fungi are a specific group of brown rot fungi that efficiently translocate 
water via mycelial cords. Principal dry rot fungi are in the genera Serpula and 
Meruliporia, and are chiefly problems in Europe and North America, respectively 
(Gilbertson and Ryvarden, 1986, Burdsall, 1991). These fungi are often uncommon in 
natural environments, but cause significant structural and economic damage in buildings. 
In addition to effective water regulation, dry rot fungi may import and utilize calcium 
(Ca) during wood decay, and are often observed associated with mortar, gypsum-board, 
or other Ca-containing material in buildings (Bech-Andersen, 1985).  
 Although all fungi require Ca as a micronutrient (Jellison et al., 1997), dry rot 
species have been theorized to import additional Ca to neutralize excess oxalate (Bech-
Andersen, 1987). Oxalate accumulates at high concentrations in dry rot fungal culture 
filtrate (Green et al., 1995, Schilling and Jellison, 2004), likely as a function of glucose 
metabolism (Munir et al., 2001). High oxalate levels in wood, however, may hinder dry 
rot by impeding pH regulation (Bech-Andersen, 1993) or by reducing Fe availability for 
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typical oxidative brown rot (Varela and Tien, 2003, Shimowaka et al., 2004). Binding 
oxalate with Ca2+ would effectively immobilize oxalate in insoluble crystals. 
Calcium oxalate crystals are commonly observed on dry rot fungal hyphae, and 
oxalate crystals containing Ca2+ translocated from various materials (e.g., gypsum) have 
been observed (Gharieb et al., 1998). Commercially available Ca-rich materials, such as 
mineral wool insulation, have been shown to promote dry rot more than Ca-poor 
surrogates (Paajanen and Ritschkoff, 1991), and in controlled microcosms, CaNO3 
additions have promoted the rate of dry rot wood degradation (Palfreyman et al., 1996).  
 Brown rot fungi, however, are increasingly believed to metabolize oxalate via 
decarboxylation (Espejo and Agosin, 1991, Micales, 1995b, Schilling and Jellison, 2005), 
suggesting oxalate could be enzymatically regulated without importing Ca. It has also 
been asserted that Ca, not oxalate, interferes with pH regulation, and that oxalate 
secretion could bind exchangeable Ca (Connolly and Jellison, 1994). Many brown and 
white rot species secrete oxalate (Dutton and Evans, 1996) and corrode Ca-containing 
materials or soil minerals (Gharieb and Gadd, 1999, Adeyemi and Gadd, 2005). Also, 
fungi other than dry rot species can translocate and precipitate Ca in oxalate crystals 
(Connolly et al., 1999) and can enrich decaying wood with Ca (Ostrofsky et al., 1997). 
The function of mycelium-substrate associations in the built environment is difficult to 
interpret with few wild reference populations. It is also unclear which ion, Ca2+ or NO3-, 
is more responsible for promoting dry rot in previous microcosm trials, and if ions such 
as Fe3+ in materials such as mineral wool play a role in promoting brown rot wood decay 
(Pajaanen and Ritschkoff, 1992). 
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 The goal of this study was to test the effects of Ca and Ca-containing materials on 
wood degradation by fungi. Preliminary soil-block trials with commercially available Ca-
rich materials have suggested that Ca may not promote dry rot (unpublished data). We 
were interested in testing this dynamic in a simple system, with a low-Ca wood substrate 
and with uncomplicated, homogenous Ca treatments. Our aim was to monitor 
translocation of Ca from these sources, and to compare effects on decay rate, pH, and 
oxalate accumulation among a diverse group of wood-degrading fungi, including dry rot 
isolates. 
 
5.3. Materials and Methods 
5.3.1. Microcosm Set-up 
Brown rot isolates, including Fomitopsis pinicola (Sw.:Fr) P. Karst. (FP-
105877R) and the two dry rot fungi Meruliporia incrassata (Berk. et Curt.) Murr. 
(mfstoner1) and Serpula himantioides (Fr.:Fr) P. Karst.(ATCC 36335), and the white rot 
isolate Irpex lacteus (Fr.:Fr) Fr. (ATCC 60993), were cultured for this experiment. 
Serpula lacrymans was chosen initially for this trial; however, recent molecular 
characterization has revealed during the time of this experiment that ATCC isolate 36335 
may instead be S. himantioides, a related dry rot species (Kauserud et al., 2006).  
Isolates were maintained on 2% (w/v) malt extract solidified with 2% Bacto agar 
(Difco). To inoculate microcosms, 1 cm2 blocks were cut from the mycelial margin of 
cultured fungi. Plates contained exactly 20 ml agar to control inoculum volume.    
 Agar-block microcosms consisted of petri plates containing 20 ml solidified Type 
A low-Ca medium amended with basal salts (Highley, 1973). Additions of Ca salts were 
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excluded, with the exception of 2 mM CaCl2 treatments. Spruce heartwood blocks 
(tangentially cut, 25 x 25 x 4 mm) were dried at 95oC, weighed, autoclaved, and placed 
on two parallel birch feeder strips (approx. 1 x 10 x 30 mm) to avoid agar-block contact. 
Block grain was perpendicular to the feeder strips, and inoculum was placed to the side of 
the feeders and facing the open grain of the wood block.  
 Microcosms treatments consisted of either no Ca source, 2 mM CaCl2 (Sigma) 
solidified within the agar medium, or gypsum board with no Ca in the agar. Gyp-board, 
also known as sheetrock, was produced by mixing CaSO4 (>99% purity, <10 ppm Fe, 
Sigma) with deionized water in a 5:2 ratio (w/v) in sterile petri dishes (30 mL per plate), 
and by allowing the mixture to harden without lids in a sterile hood. No external fiber 
layer was added, as is in commercial applications. Gypsum blocks (approx.10 cm3) were 
autoclaved and added adjacent to, but not in contact with, spruce blocks. 
 Each treatment/species combination was replicated for experimental analysis 
(n=5) with an additional qualitative replicate for microscopic analysis. Negative controls 
were included in replicate for each treatment, consisting of agar additions without fungal 
inoculum. Parafilm-sealed microcosms were maintained in the dark at 21oC for 10 weeks. 
This experimental period is shorter than normal, and was an attempt to observe dynamics 
at an intermediate decay stage instead of late decay, when most wood weight loss would 
have occurred and when decay rate differences may not be discernable.  
5.3.2. Weight-loss and pH 
 With the exception of microscopy material, wood blocks were removed from 
microcosms, dried at 95oC, and weighed. Wood was then ground in a Wiley mill through 
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a 20-mesh filter. At least 0.25 g of each sample was reserved in polyethylene bags for 
subsequent cation analyses.  
Remaining wood flour was added to deionized water (1:40 w/v), equilibrated for 
2 h, and pH was determined. Because agar volume was known, agar samples were 
prepared per volume in deionized water (8:1, v/v). After measuring pH, sample mixtures 
were immediately prepared for soluble and acid-extractable oxalate as described later. 
 Material for microscopy included wood and gypsum-board fragments. These 
samples were taken within 24 h of the final harvest and were osmium-fixed within that 
time period. 
5.3.3. Electron Microscopy 
Fresh wood samples were prepared for scanning electron microscopy (SEM) by 
primary fixation in glutaraldehyde, secondary fixation in osmium tetroxide, and 
dehydration through an ethanol series into 100% ethanol. Before drying, specimens were 
flash frozen in liquid nitrogen and freeze fractured to reveal a clean internal face. 
Samples were critical point dried and sputter coated to 300 nm with gold on specimen 
stubs. 
Gyp-board was prepared for microscopy without initial dehydration. A fresh razor 
was used to expose an internal face, while leaving a surface face with attached hyphae. 
Gypsum samples were mounted with silver paint directly on specimen stubs, and vapor 
fixed for 2 h in sealed chambers containing osmium tetroxide. Samples were then sputter 
coated with gold to 300 nm or vacuum coated with carbon for X-ray microanalysis. 
 All samples were imaged with a Cameca SX 100 microprobe. Digital secondary 
electron (SE) images were collected from a 25 kV, 150 pA beam at 25 seconds per frame. 
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X-ray spectra, including Ca and S data in oxalate crystals, gypsum, hyphae, and wood 
were collected using a Rontec X-flash energy dispersive spectrometry (EDS) detector 
capable of qualitative elemental analysis (Na to U). Crystals and gypsum surface 
aggregates were probed at center on the largest exposed face for 100 s.  
5.3.4. Wood Cation Analysis 
 Dried wood flours, including negative controls, were dry-ashed at 550oC, 
dissolved in dilute HCl, and analyzed using inductively-coupled plasma optical emission 
spectroscopy (ICP-OES). In addition to Ca analysis, potassium, magnesium, 
phosphorous, aluminum, iron, manganese, zinc, and sodium were measured in order to 
observe any consequent mobilization or ion export. Data from ICP-OES were also 
adjusted for mass-loss by converting from mass-based data to mole amounts per wood 
volume, using final specific gravity for conversion. 
5.3.5. Oxalate Analysis 
To prepare wood/water sample mixtures for soluble oxalate analysis, 2 ml was 
filtered through a 0.22 µm pore size filter into autosampler tubes. Fomitopsis pinicola 
samples were diluted to 1:80 due to high preliminary oxalate levels. For the acid-
extractable oxalate fraction, the remaining sample was acidified with HCl to 0.2 N, 
extracted overnight, phosphate buffered (pH 1.35) with NaOH adjustment to final pH 
1.35, and filtered prior to analysis. 
Agar samples were similarly prepared for both soluble and acid-extractable oxalate.  
Wood oxalate and agar oxalate were determined using high-performance liquid 
chromatography (HPLC). Separations were at 30oC on an Aminex HPX-87H ion-
exchange column (9 µm, 300 x 7.8 mm I.D., Bio-Rad) with 25 mM H2SO4 + 10 mM 
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NaSO4 eluent pumped at 0.6 ml min-1. Injections ranged from 10 to 40 µL, depending on 
species-specific oxalate levels. Detection was at 210 nm, and quantification was by peak 
area. Oxalate verification in HPLC chromatograms and sample extraction efficiency were 
previously reported (Schilling and Jellison, 2005). Oxalate data from wood were adjusted 
for mass loss as described above for cation data. Because agar volume in microcosms is 
known, agar oxalate data are expressed as molar concentrations. 
5.3.6. Statistics 
Two-way ANOVA with protected post-hoc Tukey’s means comparisons were 
used to test significance among and between Ca treatment and species groupings. 
Negative controls were not included in statistical analysis. When treatment interactions 
were significant, one-way ANOVA with Bonferroni-adjusted means comparisons 
(significance level / number of comparisons = 0.05 / 4 (4 species) = 0.0125) were used to 
test significance between treatments within each species. To achieve normality, 
percentage and ratio data were log transformed and pH data were converted to [H+] prior 
to analysis. Treatment interactions were tested for importance after transformation.  
 
5.4. Results 
5.4.1. Weight-loss and pH 
 No growth inhibition was apparent in microcosms containing CaCl2, and all 
species grew in contact with gyp-board. Wood degradation at week 10 was moderate or 
advanced among the test fungal isolates, depending on the fungus responsible for decay 
(Figure 5.1.).  
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Wood weight loss at 10 weeks was significantly different among the fungal 
species (p=0.00), and means comparisons show decay rate for each test species to be 
different than that of the others. Mean % weight loss (±S.E.) was 0.10 (0.53) for negative 
controls, 59.13 (1.04) for F. pinicola, 18.50 (1.11) for I. lacteus, 45.87 (1.05) for M. 
incrassata, and 33.52 (1.54) for S. himantioides. Gyp-board and agar CaCl2 treatments, 
however, had no stimulatory or inhibitory effects on wood weight loss for any species, 
versus controls with no Ca source (p=0.64). Therefore, wood decay rate was presumably 
not affected by Ca for the dry rot, white rot, or non-dry rot brown rot species.  
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Figure 5.1. – Weight loss (±S.E.) in spruce heartwood after 10 weeks exposure to wood-
degrading fungi in agar-block microcosms containing Type A, low-calcium agar and 
different calcium sources. No-Ca = No calcium additions, CaCl2 = 2 mM CaCl2 added to 
agar medium, GYP = 99% pure gyp-board added. 
 
 
Wood pH was characteristically decreased during decay, and acidified more by 
brown rot isolates than by I. lacteus. The pH patterns were again species-dependent 
(p=0.00). Mean pH in negative controls was 4.75, and was 3.56 for F.pinicola, 3.98 for I. 
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lacteus, 3.51 for M. incrassata, and 3.60 for S. himantioides. Wood pH, however, was 
unaffected by Ca treatments versus the control with no Ca source (p=0.84).  
5.4.2. Electron Microscopy 
 Hyphal growth in wood cell lumens was observed, as was egress through 
bordered pits and bore holes in decayed wood (Figure 5.2. a). Hyphae from test species 
were observed growing in direct contact with the gypsum treatment surface (Figure 5.2. b 
and c).  
 The brown rot species S. himantiodes in contact with gypsum produced many 
calcium oxalate crystals (Figure 5.3. a), while F. pinicola and M. incrassata produced no 
crystals despite direct contact (Figure 5.3. b). The white rot species I. lacteus also grew in 
direct contact with gypsum and produce many crystals (Figure 5.3. c). Microanalysis 
revealed  both sulfur and Ca peaks when probing gypsum and revealed only Ca peaks, 
typical of Ca oxalate crystals, when probing bipyramid, hyphal-associated crystals 
(Figure 5.3. d-f). Calcium oxalate crystals were, however, not observed in all treatments 
nor in all species, and were uncommon in the wood matrix. 
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Figure 5.2. – Scanning electron microscopy showing (a) Fomitopsis pinicola growing 
through the wood cell lumen, including a hypha growing through a bore hole adjacent to 
an intact bordered pit (arrow), (b) Meruliporia incrassata growing over the surface of the 
gypsum treatment, and (c) Serpula himantioides in contact with gypsum with crystal 
formation along a hypha (arrow). Scale bars = 20 microns. 
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Figure 5.3. – Scanning electron microscopy with X-ray microanalysis showing (a) 
Serpula himantioides with calcium oxalate crystals, (b) Fomitopsis pinicola in contact 
with gypsum but with no crystals, and Irpex lacteus with crystals in gypsum contact. 
Microanalysis data probed at crosshairs for gypsum (Ca and S) or oxalate crystals (Ca 
only). Samples carbon-coated after vapor OsO4 fixation. Scale bars = 20 microns. 
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5.4.3. Cation Analysis 
 Wood flour ICP-OES analysis revealed for all test isolates, except F. pinicola, 
that wood degraded in microcosms containing gyp-board treatments contained 
significantly more Ca than wood degraded in microcosms with other treatments (Table 
5.1.). Calcium concentrations in wood degraded with gyp-board treatments was equal to 
or above the Ca levels of non-degraded negative control wood in most cases. In CaCl2 
treatments and no-Ca controls, Ca was lower in degraded wood than in undegraded 
wood, suggesting net export. Although gyp-board resulted in higher wood Ca than other 
treatments for most species, there was significant interaction in the analysis (p=0.00), 
indicating that treatment effects depended on the fungal species.  
 
Table 5.1. – Mean cation content (µmol cm-3) (±S.E.) in non-degraded or brown-rot 
degraded wood as a function of calcium added to agar-block microcosms as CaCl2 in agar 
or as solid gypsum. Treatment/species interaction effects were significant in both cases.*  
 
 
       Cation                Ca         Mg 
 
      Fungal Species      Treatment 
 
  Control (no fungus)    No Calcium           9.65 (0.76)  2.93 (0.55)  
      2 mM CaCl2  10.12 (0.77)  3.12 (0.71) 
      Gypsum-board 10.17 (1.32)  3.00 (0.62) 
 
 Fomitopsis pinicola    No Calcium  2.82 (0.73)a  1.51 (0.11)a 
      2 mM CaCl2  2.65 (0.93)a  1.47 (0.12)a 
      Gypsum-board 6.15 (1.88)a  1.12 (0.14)a 
 
      Irpex lacteus    No Calcium  5.61 (0.90)a  6.75 (1.17)a 
      2 mM CaCl2  6.90 (0.73)a  5.29 (0.53)ab 
      Gypsum-board 28.29 ( 4.17)b  4.89 (0.34)b 
 
Merulipora incrassata   No Calcium  2.10 (0.03)a  4.82 (0.42)a 
      2 mM CaCl2  3.40 (0.96)a  3.61 (0.66)a 
      Gypsum-board 9.51 (0.48)b  3.29 (0.27)a 
 
  Serpula himantioides   No Calcium  6.65 (1.14)a  4.82 (0.52)a 
      2 mM CaCl2  8.82 (1.09)a  5.02 (0.50)a 
      Gypsum-board 20.75 (2.39)b  5.82 (0.14)a 
  
*For each species, values followed by the same letter within a column are not 
significantly different. 
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  Wood Mg differences were less pronounced, but there were significant species 
(p=0.00) and treatment (p=0.01) effects, as well as an interaction between treatment and 
species (p=0.01) (Table 5.1.). Levels of Mg in wood were progressively lower in CaCl2 
and gyp-board treatments respectively in I. lacteus-degraded wood. 
Species effects for potassium, phosphorous, iron, manganese, sodium, and zinc 
were highly significant (p<0.01) in all cases, but treatment effects were not significant for 
any of these cations. Pooled means only for these ions are therefore shown (Table 5.2.). 
Aluminum data were generally below detection and unrelated to treatment, and are 
therefore not included.  
 
Table 5.2. Mean cation content (±S.E.) in non-degraded or brown-rot degraded wood. 
Data are pooled means within a species, after ANOVA showed no treatment effect.  
 
 
Cation              K          Na           P         Mn        Fe         Zn 
 
            Fungal Species 
 
       Control (no fungus)  13.05 (4.76)ab   6.10 (1.30)a   3.62 (0.17)a   0.83 (0.07)c  0.15 (0.01)a 0.09 (0.00)c 
 
              F. pinicola   12.12 (2.70)a   9.90 (1.47)a   11.16 (1.19)a   0.19 (0.05)a  0.19 (0.03)a 0.04 (0.00)a 
 
               I. lacteus    38.56 (1.82)d   22.15 (1.20)b   21.53 (1.15)b   0.70 (0.04)c  0.13 (0.01)a 0.09 (0.01)c 
 
          M.  incrassata   19.13 (0.85)b   13.32 (0.73)a   18.83 (1.35)b   0.16 (0.02)a  0.11 (0.02)a 0.06 (0.00)b 
 
          S.  himantioides   27.63 (1.85)c   19.55 (1.85)b    30.03 (1.23)c  0.40 (0.03)b  0.28 (0.02)b 0.09 (0.00)c 
  
*Values followed by the same letter within a column are not significantly different.   
 
5.4.4. Oxalate 
 Both soluble and acid-extractable oxalate in the agar matrix were affected by 
treatment, but these dynamics were dependent on the decay fungus species (p=0.04 
interaction in both cases) (Figure 5.4.a). Acid-extractable oxalate was notably higher in 
 90
gyp-board treatments than in other treatments in agar cultures of F. pinicola and M. 
incrassata. 
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Figure 5.4. - Agar oxalate (A) and wood oxalate (B) concentrations as a function of  
fungal decay species and calcium treatment. Oxalate acid-extracted to pH < 1.4 and 
analyzed at similar pH via high-performance liquid chromatography (HPLC).  
 
Treatment effects were not significant for soluble (p=0.06) or acid-extractable 
oxalate (p=0.23) in the wood matrix (Figure 5.4.b). Soluble and acid-extractable oxalate 
levels were highly dependent on the species responsible for decay (p<0.01). The species 
effects in the wood matrix, however, did not mirror the species-specific production 
patterns from the agar matrix. 
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5.5. Discussion 
 All test fungi grew in contact with gyp-board treatments, and gypsum apparently 
facilitated wood Ca import substantially more than controls or CaCl2, not only in dry rot 
cultures, but also for the white rot species I. lacteus. In microcosms without gyp-board, 
wood Ca was generally lower after decay by test isolates than in undegraded wood. A net 
loss of Ca from decaying wood has been seen previously with several of these test 
isolates in agar-block trials (Schilling and Jellison, 2006), despite many reports of Ca 
accumulation in forest decay experiments (Smith et al. submitted). The biogeochemistry 
of Ca accumulation during wood decay has important implications for the role of forest 
woody debris in Ca-depleted forests, and should be explored in more detail. 
In all cases during this study, Ca ion import was not matched by the export of 
other ions measured, including Mg. Magnesium levels were affected by treatment 
differently between species, and do not correlate with Ca import. Collectively, this 
suggests that gyp-board treatments facilitated Ca import into decaying wood, without an 
associated export of Mg, K, Na, P, Mn, Fe, or Zn.  
Wood pH in brown rot fungal microcosms was characteristically lower than in 
white rot fungal microcosms, but pH was unaffected by Ca enrichment in either case. 
Oxalate was also generally unaffected in the wood matrix, although variability in the 
wood matrix and esterification with wood fibers (Hunt et al., 2004) may mask the effects 
of crystallization with Ca to some degree. Oxalate solubility was affected by Ca 
dissolution in agar, similar to previous experiments on oxalate solubility in the presence 
of Ca in liquid culture (Schilling and Jellison, 2004). This work does not suggest that Ca 
enrichment in the wood matrix is directly related to oxalate production. 
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 Wood decay rates were also unaffected by treatment in all cases, despite apparent 
translocation of Ca from gyp-board material by most test species. Moreover, the white rot 
species I. lacteus yielded degraded wood with higher Ca concentrations and less weight 
loss than wood degraded by the brown rot species, including the dry rot species. Both 
brown and white rot wood-degrading fungi may extract Ca from Ca-containing materials 
and translocate Ca to hyphae inside the wood matrix, but this may not functionally 
promote decay in either case.  
This would not be inconsistent with some earlier studies which have failed to 
show Ca-promoted dry rot with materials containing fewer elemental impurities, 
particularly Fe (Pajaanen and Ritschkoff, 1991 and 1992). The gyp-board for this study 
contained very low concentrations of Fe; however, S. himantioides accumulated 
significant amounts of Fe in degraded wood versus in undegraded wood. Because 
enrichment of wood with other cations studied here was not observed, an Fe effect should 
be further explored for Serpula. 
 The use of the ATCC 36335 isolate, recently identified based on molecular 
taxonomy as the wild Serpula isolate S. himantioides instead of S. lacrymans, is 
problematic, and further studies are in order. Both Meruliporia and Serpula isolates, 
however, are considered dry rot fungi, and future research may benefit by including both 
S. lacrymans and S. himantioides to better compare dynamics in the built environment to 
those in native habitat. 
 This study is also in a highly controlled environment and with a single, pure 
gypsum source. Controlled experiments that test the role of other metal ion contaminants 
in Ca-containing building materials would be useful, as would trials that consider both 
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other material matrices and material dynamics as a function of humidity. Dry rot fungi 
are well-adapted for decaying wood in buildings, and it is important to clarify if their 
success relates to other physiological adaptations in addition to water conservation and 
translocation. 
There are likely few instances where wood and Ca-containing materials are not 
closely associated in buildings. Resolving the role of these materials in decay, as well as 
the effects of the built environment on fungal physiology and ecology, are critical in 
understanding destructive wood dry rot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 94
Chapter 6 
CONCLUSIONS 
 
6.1 Dissertation Aim 1 - Quantifying Oxalate 
 Accurate quantification of oxalate is fundamental for assessing oxalate dynamics 
during brown rot. The method development in this dissertation research was geared to 
improve HPLC quantification of both soluble and acid-extractable oxalate, and was 
successful. Previous studies using ion exchange HPLC have measured oxalate in 
combination with nitrate, and this is likely the reason for discrepancies between earlier 
HPLC and colorimetric data (Jordan et al., 1996). Nitrate is commonly added to culture 
media as ammonium nitrate (Highley, 1973), and absorbs UV at wavelengths similar to 
oxalate. The simple increase in mobile phase sulfate concentration is a relatively minor 
adjustment, and the improved method remains an isocratic process that requires minimal 
sample preparation. 
 The low pH range of the column also provides for a low pH mobile phase (1.3), 
which is critical for analysis of acid-extractable oxalate. In the case of acid-extracted 
calcium oxalate, higher pH values in the mobile phase will cause re-crystallization in the 
HPLC system. This may not only reduce measurable oxalate and result in underestimates 
of acid-extractable concentration, it can also potentially damage the column. Only Dutton 
et al. (1991) have used a low-pH column for oxalate analysis, via reverse-phase 
chromatography, and although that method has been used solely for soluble oxalate 
quantification, it could provide a reverse-phase alternative to this ion-exchange method. 
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 6.2 Dissertation Aim 2 - Measuring Oxalate in the Presence of Ca2+
In the liquid culture experiment, oxalate accumulation in culture filtrates showed 
classic patterns for the fungi studied. Both brown rot species, F. pinicola and the dry rot 
species M. incrassata, accumulated oxalate at high levels in culture filtrate while the 
white rot species tested accumulated little. The Ca additions in this experiment greatly 
reduced the soluble oxalate fraction of the total acid-extractable oxalate, suggesting 
oxalate solubility, not metabolic production, was affected. This was accompanied by pH 
reduction by all test species, and brown rot filtrate pH was predictably lower than white 
rot filtrate pH. These are characteristic differences between brown and white rot fungi, 
with the low oxalate levels in white rot cultures likely due to enzymatic catabolism, 
specifically decarboxylation. 
 The decarboxylation assay in this experiment, however, demonstrated (via 
reactant loss) a concurrent increase in decarboxylase activity at the highest Ca levels and 
was higher in filtrate containing less oxalate. This suggests that excess free Ca2+ in the 
medium may have bound the oxalate added to cultures, and that oxalate metabolism was 
not responsible. Decarboxylase activity has been measured previously via reactant loss 
(Micales, 1994), and this suggests that this method could be affected by the amount of 
free Ca2+ and, perhaps more importantly, Cu2+. Research into oxalate regulation and 
decarboxylase activity in Ca- or Cu-based systems, or in wood treated with Cu-based 
wood preservatives, should consider alternative proxies for enzyme activity such as 
quantification of formate. The HPLC protocol used here has proven unsuccessful in 
resolving formate, however, so further method development would be in order.  
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While this trial has demonstrated the potential for Ca2+ to reduce oxalate 
solubility, and perhaps functionality, the HPLC method has also proven successful in 
measuring oxalate in wood. One important distinction discovered using this method is the 
difference in oxalate solubility between artificial media and wood. Research trials in the 
wood matrix have demonstrated that the largest proportion of oxalate in fungal-degraded 
wood is insoluble. Aqueous wood extractions have yielded less than 20% of the oxalate 
extracted in acid, while the soluble oxalate fraction in liquid or agar cultures is commonly 
above 80%. Although this may be due in part to crystallization with Ca2+ in wood, 
binding dynamics such as esterification with wood fibers (Hunt et al., 2005) may also 
contribute. 
 
6.3 Dissertation Aim 3 - Characterizing Oxalate in the Wood Matrix 
In addition to oxalate solubility discrepancies between wood and liquid cultures, 
oxalate analyses from the wood matrix have yielded consistently different patterns than 
those measured from artificial media. For example, while F. pinicola produced more 
oxalate than M. incrassata in the agar matrix in oxalate-amended wood trials, M. 
incrassata accumulated significantly more oxalate than F. pinicola in wood. In testing 
metal effects on brown rot, G. trabeum accumulated significantly more oxalate in wood 
than other test fungi, while oxalate in the agar matrices of the same microcosms was 
often too low to detect. Gloeophyllum trabeum is considered a Cu-intolerant fungus, and 
this has been attributed to low oxalate production (Green and Clausen, 2003). These data 
suggest that patterns in artificial media should not be used to reflect those in wood. This 
also suggests that different wood-degrading species may create unique oxalate 
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differentials between wood and soil that could potentially be both physiologically and 
biogeochemically significant. 
In the oxalate-amended wood trial, oxalate levels were apparently regulated by 
test fungi, either by increasing or decreasing oxalate levels from initial concentrations to 
a physiological mean level. This was observed at fairly low weight-loss, when Fenton-
based oxidative depolymerization would be employed and when oxalate might 
theoretically require optimizing (Tanaka et al., 1994, Shimada et al., 1997, Varela and 
Tien, 2003). While the apparent oxalate optimization was striking, the physiological 
mean oxalate level differed between this and other dissertation experiments, and an 
attempt at repeating this dynamic in a soil-block microcosm trial resulted in great 
variability. Because soil-block experiments can introduce significant variability into 
experiments as a function of differences in soil quantity and nutrient availability, the 
follow-up experiments for this dissertation focused on correlating wood oxalate with 
external nutrient availability. However, other variables such as soil moisture and cation 
exchange capacity could play important roles and should be considered in future work on 
brown rot oxalate dynamics.  
 
6.4 Dissertation Aim 4 - Testing the Influence of Cations 
The first experiment exploring soil effects on wood oxalate was focused on the 
effects of metal availability, with a particular interest in Cu and Fe dynamics. Both 
metallic and hydroxide sources of all test metals (Al, Cu, and Fe) were mobilized, and 
metal ions were transported into decaying wood and accumulated to higher 
concentrations. Metal enrichment did not, however, affect oxalate regulation by test 
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fungi. Notably, Cu enrichment did not stimulate oxalate overexcretion, as hypothesized 
from liquid culture experiments (Clausen and Green, 2003) and from observations of Cu-
oxalate crystals in Cu-tolerant fungi (Sutter et al., 1983). This suggests that tolerance of 
Cu-based wood preservatives may be partially incidental to oxalate production and may 
involve other detoxification mechanisms such as vacuolar sequestration (Gadd, 1993). 
Copper accumulation in wood was low in the metal treatment experiment, however, so 
further research on hyphal management of toxic Cu is needed to better understand Cu-
tolerance among brown rot fungi. 
The absence of Fe-promoted decay or Fe-induced oxalate accumulation is also 
important. Previous experiments have shown Fe to promote brown rot when Fe is in 
direct contact with wood (Morris 1992), and the promotion of brown rot by metallic Fe in 
wood contact (corrosion controls) in this experiment clearly suggest these earlier 
experiments may misinterpret corrosion for brown rot. Fe-promoted brown rot may occur 
if wood Fe is limiting (Paajanen, 1993), but the spruce used for this study may have 
contained more Fe than the pine used in the previous work.  
The theory that Fe will promote brown rot biodegradation is founded upon the 
emerging recognition that non-enzymatic Fenton-based brown rot mechanisms are Fe-
dependent (e.g. Goodell et al., 2003). Excess oxalate may interfere with brown rot by 
forming more 2:1 and 3:1 oxalate-Fe complexes than 1:1 complexes. These higher 
oxalate-to-Fe ratios inhibit chelation by Fe3+-reducing phenolate compounds, and 
therefore excess oxalate could impede oxidative decay. Excess extracellular Fe3+ should 
however correspond to a higher oxalate optimum concentration. Additionally, excess free 
Fe3+ can auto-oxidize to form oxygen radical species, and oxalate secretion has been 
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theorized to protect hyphae from oxidative damage (Varela and Tien, 2003). Combined, 
these ideas suggest that Fe excess would result in higher oxalate secretion, but that was 
not observed when experimenting with metallic or hydroxide metal additions. Although 
this has implications on the role of oxalate during brown rot, the metal additions study 
reflects advanced decay stages. Oxalate measured later in decay, when enzymatic 
cellulase systems are prevalent to non-enzymatic systems that initiate decay, may not 
reflect the role for oxalate when Fe3+ is theorized most critical. 
The experiment testing Ca2+ translocation similarly did not demonstrate a 
significant effect of the cation on oxalate production or decay. This suggests that previous 
studies using CaNO3 as the Ca source (Palfreyman et al., 1996) and demonstrating an 
enhancement in dry rot decay may be showing the effects of increased N, not Ca. In this 
current dry rot study, scanning microscopy and microanalysis indicated Ca2+ was 
extracted from Ca-rich gyp-board material, and ICP-OES verified Ca2+ was translocated 
into wood during decay. This was true for the dry rot fungi tested, and also true for non-
dry rot brown rot species and a white rot species. This suggests that Ca may be extracted 
from building materials by dry rot fungi, but observations of mycelial contact with Ca-
containing building materials (Bech-Anderson, 1985) may not necessarily mean Ca 
extraction is functional. This could represent a significant paradigm shift for research on 
dry rot as well as cultural management; however, similar to Fe-based trials, Ca-promoted 
dry rot should be examined in incipient decay stages. 
In the current dry rot study, Ca was observed to be bound to oxalate in crystals, 
and acid-extractable wood oxalate levels were higher in gypsum-board treatments for 
some isolates. Although this supports the theory that oxalate secretion could relate to 
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binding exchangeable Ca in wood, the isolates that produced more oxalate in gypsum 
treatments include the white rot Irpex lacteus. This experiment, coupled with the metal 
source experiment, demonstrates that cation transport is ubiquitous in wood-degrading 
fungi, but it does not suggest a universal pattern or function for cation enrichment during 
brown rot decay.  
 
6.5 Assumptions of the Dissertation Work 
 Each dissertation research trial inherently includes specific sources of variability 
that have been addressed per experiment. The work as a whole, however, includes several 
important assumptions that are notable. 
 In situ trials with wood-degrading fungi often take several months to conduct, 
while microbial research in artificial media often takes significantly less time. Data 
generated from liquid or agar media in short experiments can be valuable, but may not 
apply to the natural environment. This research clearly demonstrates a difference between 
wood and artificial media, but also includes a liquid trial. Relating oxalate solubility 
dynamics in a liquid to those in wood assumes no differences between these matrices. 
 The choices made concerning test species and isolates can also have a significant 
effect on wood decay dynamics. This work has demonstrated a significant species-effect 
for oxalate, ergosterol, cation translocation, pH, and decay rate. These differences can 
also exist among isolates, including isolate-specific oxalic acid production (Clausen et al., 
2000). Laboratory soil- or agar-block trials typically include only one decay species, and 
do not test inhibited or induced responses between fungi. Patterns generated from single-
species trials should be interpreted with caution. Dynamics from one brown rot species 
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decaying wood in a sterile environment may not reflect the characteristics of all brown 
rot species or the dynamics in the forest environment. 
  Similarly, culture conditions were highly controlled in many cases during the 
dissertation work. While environmental standardization is critical for elucidating discrete 
components of fungal physiology and for truthing treatment effects, these simple 
environments may relate poorly to natural systems. In this research, a particularly 
important example is the use of spruce heartwood in every trial. Spruce heartwood is an 
appealing wood substrate for several reasons. Spruce is local to Maine, where several test 
fungi are native. Spruce also often has lower cation content than pine or fir, and 
heartwood is generally more nutrient-poor than sapwood. This allows better control for 
testing effects of external cation availability, but could limit the applicability to natural 
mixed stands in forests. 
 Another assumption made in the work concerns volume-adjusting ion data in 
decaying wood. As wood loses mass, ion content measured on a weight-basis will 
increase, even though absolute quantities of ions do not change. One gram of wood 
powder from a wood block with 50% weight loss represents twice the wood volume of 
powder taken from a block at 0% weight loss. Therefore, all data was volume-adjusted to 
compensate for mass loss. If the researcher measures volume after decay is progressed, 
this technique assumes no volume loss during decay. However, wood will lose volume 
during decay (Harmon et al., 1986). For this dissertation research, wood volumes were 
recorded before being added to microcosms. While this may eliminate volume loss 
issues, it combines data from two separate time points along the decay continuum and 
again assumes continuity, in this case temporal. 
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 A final significant assumption in the work is that patterns taken from whole block 
analyses and at moderate to high wood weight loss represent those from other stages of 
decay and from spatially discrete areas. Brown rot mechanisms may change as decay 
progresses, especially if a shift occurs from non-enzymatic to enzymatic decay. This shift 
also may not occur simultaneously throughout a single contiguous mycelial network. 
Furthermore, there may be significant differences between the hyphal environment and 
the wood cell wall, including pH. Whole block milling with subsequent chemical analysis 
only captures trends throughout the block, and fails to determine spatial or temporal 
heterogeneity at the hypha/wood interface and in different areas of the test block. 
 These assumptions are inherent in many trials exploring wood biodegradation by 
fungi, but they are important to emphasize. Weaknesses offer areas for progress and 
potential for future work.  
 
6.6 Potentials for Future Research 
For all of these dissertation research projects, proper quantification of oxalate 
decarboxylase activity would be valuable. This work did not generate reliable 
decarboxylation data using the reactant-loss method, and it may be useful to measure 
production of formate, instead. While formate quantification has been unsuccessful using 
both colorimetric tests and HPLC, techniques including gas chromatography might be 
useful, as well as enzyme-linked immunoassay for quantifying enzyme concentration. 
Additionally, this dissertation research suggests that characterizing oxalate-associated 
enzymes should be done from wood, not from liquid culture. 
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Spatial imaging of living wood-degrading fungi in situ in wood would also be 
useful for determining pH and cation concentration (via ratio imaging) in the extra- and 
intracellular compartments. Fluorescence imaging, particularly confocal microscopy, is 
promising for optically sectioning decaying wood samples without compromising wood 
cells. The major difficulty with this technique, however, is the low pH environment 
associated with fungal wood decay. Molecular probes marketed for low pH typically 
perform poorly under pH 4, and wood pH during fungal degradation is often considerably 
lower. Alternative techniques such as fluorescence lifetime imaging, which could use 
emission lifetimes as a proxy for pH, may provide better spatial analyses. Extrapolating 
hyphal dynamics from whole-block assays includes inherent assumptions, and more 
detailed analysis in wood is imperative. 
This research also needs to be repeated to examine these dynamics in incipient 
decay. Apparent oxalate regulation by both F. pinicola and M. incrassata was observed 
in this research when decay was between 5 and 15% wood weight loss. Oxalate patterns 
from the other studies were generated at more progressed decay stages. The dissertation 
research approach does address overall effects of cations on weight loss, and this has 
implications both on in-service wood deterioration and on the rate of wood turnover as a 
function of forest floor nutrients. Strength loss during brown rot, however, occurs largely 
in incipient decay when weight loss is minimal (Winandy and Morrell, 1993). Exploring 
minor cation affects on incipient decay rate, particularly in dry rot associated with Ca-
rich materials, could have significant implications on managing decay in the built 
environment. 
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Finally, the observation common in all of the experiments was a species-specific 
effect on measured variables. Oxalate, pH, biomass (per ergosterol), cation accumulation, 
metal translocation, calcium oxalate crystal formation, and decay rate all differed 
significantly among species in the experiments. Species-specificity implies a role for 
ecological research, uncommon in wood decay research. Microbial species composition 
in soil and fungal wood colonization success could be altered by human-induced changes 
in woody debris quality on the forest floor as well as changes in the environment. The 
fungus responsible for wood decay may impart a unique physiochemical fingerprint in 
degraded wood, and techniques such as molecular characterization may be useful for 
further exploring this link between fungal ecology, physiology, and biogeochemistry.  
 
6.7 Synopsis 
This dissertation work provides a useful set of analytical tools for investigating 
oxalate dynamics in varied environments during fungal wood decay. This work has also 
demonstrated important differences in fungal physiology between artificial media and the 
wood matrix. Oxalate may be regulated in wood during both white and brown rot wood 
degradation, but this process varies between experiments, and it remains unclear what 
environmental variable(s) affects this dynamic. This research therefore has direct 
implications for the role of oxalate during wood biodegradation and forest 
biogeochemistry and offers potential for future work. 
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